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Abstract
A m u l t i d i s c i p l i n a r y t e a m of sc ient i s t s f rom t h e In t e rna t iona l C r o p s Resea rch
Ins t i t u t e for t h e Semi -Ar id Tropics (ICRISAT) a n d the Cen t r a l A r i d Z o n e Resea rch
Ins t i t u t e (CAZRI) a n d r e p r e s e n t a t i v e s o f t h e Rajas than D e p a r t m e n t o f A g r i c u l t u r e
a n d Ra ja s than A g r i c u l t u r a l U n i v e r s i t y m e t t o p l a n t h e t r ans i t ion from on- s t a t i on
t o o n - f a r m r e sea rch i n n u t r i e n t m a n a g e m e n t . Th i s v o l u m e r e v i e w s n u t r i e n t
m a n a g e m e n t r e sea rch for ra infed pea r l mi l l e t -based c r o p p i n g s y s t e m s ; p a s t a n d
c u r r e n t o n - f a r m re sea rch a n d ex t ens ion i n w e s t e r n Rajas than; a n d the a p p l i c a t i o n
of c r o p p i n g s y s t e m s m o d e l s in on - fa rm research . T h e final sec t ion s u m m a r i z e s t he
d i s c u s s i o n s a n d r e c o m m e n d a t i o n s o f the w o r k s h o p .
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Preface
ICRISAT's I n t e g r a t e d S y s t e m s Project 1 (ISP1), "S t ra teg ies for e n h a n c e d a n d
s u s t a i n a b l e p r o d u c t i o n i n ra in fed s h o r t - s e a s o n (60-100 d a y s ) m i l l e t / l e g u m e /
l ives tock b a s e d p r o d u c t i o n s y s t e m s , " h a s a b r o a d r e s e a r c h a g e n d a . I t a i m s a t
i m p r o v i n g mi l l e t p r o d u c t i o n s y s t e m s i n Sahe l i an Africa a n d t h e s o u t h e r n a n d
e a s t e r n m a r g i n s o f t h e T h a r D e s e r t i n As ia . A r e a s o f r e sea r ch i n c l u d e c r o p
i m p r o v e m e n t ; g e n e t i c d ive r s i t y ; f o d d e r p r o d u c t i o n ; i n t e g r a t e d p e s t d i s e a s e , a n d
w e e d m a n a g e m e n t ; i n t e g r a t e d r e s o u r c e m a n a g e m e n t ; soi l a n d w a t e r c o n s e r v a -
t ion ; n u t r i e n t a n d w a t e r m a n a g e m e n t ; a n d c o m m u n i c a t i o n t e c h n i q u e s .
A l t h o u g h e n v i r o n m e n t s a n d c r o p p i n g s y s t e m s m a y b e s imi la r ac ross t h e t a rge t
r e g i o n s , successfu l n u t r i e n t m a n a g e m e n t r e s e a r c h r e q u i r e s a focus on t h e
c o n s t r a i n t s o f a p a r t i c u l a r r eg ion . To be t t e r s t r u c t u r e o u r r e s e a r c h in t h e A s i a n
t a r g e t r e g i o n of ISP 1 , a p l a n n i n g w o r k s h o p w a s h e l d 20-22 M a y 1996 in J o d h p u r ,
Ra ja s than , I n d i a , w i t h p a r t i c i p a n t s f rom t h e C e n t r a l A r i d Z o n e Resea rch Ins t i t u t e
(CAZRI) , Ra j a s than A g r i c u l t u r a l U n i v e r s i t y (RAU) , t h e Ra jas than S ta te D e p a r t -
m e n t o f A g r i c u l t u r e , a n d t h e In t e r a t i ona l C r o p s Resea rch Ins t i tu t e for t h e Semi -
A r i d Tropics (ICRISAT).
T h e n a t i o n a l a g r i c u l t u r a l r e s e a r c h o r g a n i z a t i o n s r e p r e s e n t e d a t t h e w o r k s h o p
h a v e a l o n g t r a d i t i o n o f n u t r i e n t m a n a g e m e n t r esea rch . A l t h o u g h r e s e a r c h
in i t ia l ly focused o n i r r i g a t e d c r o p s , r eg iona l fert i l izer r e c o m m e n d a t i o n s a r e t o d a y
a v a i l a b l e for all ma jo r d r y l a n d c r o p s . Fer t i l izer r e c o m m e n d a t i o n s e s t ab l i shed for
t h e h i g h l y v a r i a b l e a n d less p r o d u c t i v e a r i d e n v i r o n m e n t s o f w e s t e r n Ra jas than
a n d G u j a r a t g i v e p rof i t ab le y ie ld inc reases o n r e sea r ch s t a t i ons . I n s p i t e o f t h e s e
p r o m i s i n g r e su l t s , h o w e v e r , f a r m e r s s e l d o m u s e fert i l izer o n d r y l a n d c r o p s o f t h e
a r i d e n v i r o n m e n t s .
D u r i n g a w o r k s h o p o n n u t r i e n t m a n a g e m e n t i s sues , h e l d ear l ier i n 1996, w e
h a d f o u n d t h a t f a r m e r s p e r c e i v e t h e ferti l i ty s t a t u s o f the i r soi ls a n d m a n a g e i t
t h r o u g h l e g u m e r o t a t i o n s , c r o p m i x t u r e s , a p p l i c a t i o n o f f a r m y a r d m a n u r e (FYM),
a n i m a l p e n n i n g , a n d fa l lowing .
Seve ra l i s s u e s a r o s e d u r i n g t h a t first w o r k s h o p :
• W h a t c o n s t r a i n t s p r e v e n t f a r m e r s f rom u s i n g p u r c h a s e d n u t r i e n t i n p u t s , e v e n
t h o u g h t h e y p e r c e i v e a n e e d t o r e s to r e soi l fert i l i ty by a p p l y i n g n u t r i e n t s o u r c e s
f rom the i r o w n fa rms?
• H o w m u c h d o l e g u m e s , F Y M , a n d a n i m a l d r o p p i n g s ac tua l ly c o n t r i b u t e t o
n u t r i e n t s u p p l i e s i n f a r m e r s ' f i e l d s ?
• C a n f a r m e r s i m p r o v e the i r n u t r i e n t m a n a g e m e n t t h r o u g h s u p p l e m e n t a l u s e o f
p u r c h a s e d n u t r i e n t s ?
• W h a t w o u l d b e t h e be s t s t r a t e g y t o g u i d e s u c h app l i ca t i ons?
C A Z R I a n d ICRISAT sc ien t i s t s w h o p a r t i c i p a t e d i n t h e f i r s t w o r k s h o p rea l i zed
t h a t p a r t i c i p a t o r y o n - f a r m r e s e a r c h w o u l d b e a p r o m i s i n g a p p r o a c h t o a n s w e r i n g
t h e s e q u e s t i o n s . C o n s e q u e n t l y , t h i s s e c o n d w o r k s h o p w a s h e l d t o e x c h a n g e
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i n f o r m a t i o n o n n u t r i e n t m a n a g e m e n t r e sea rch c o n d u c t e d i n w e s t e r n a n d cen t ra l
Ra jas than a n d t o p l a n fu tu re co l l abora t ive on - f a rm research . Specific w o r k s h o p
objec t ives w e r e t o
• r e v i e w t h e ex i s t ing k n o w l e d g e r e l e v a n t t o n u t r i e n t m a n a g e m e n t for d r y l a n d
c r o p p i n g i n t h e reg ion ;
• i den t i fy p r o m i s i n g n u t r i e n t m a n a g e m e n t s t ra teg ies t h a t m i g h t l ead to i m p r o v e d
t e c h n o l o g y ;
• d e t e r m i n e t h e s c o p e for co l l abora t ion in fu tu re research ;
• e v a l u a t e t h e s c o p e for u s i n g c r o p p i n g s y s t e m s m o d e l s i n on - f a rm n u t r i e n t
m a n a g e m e n t research ;
• d e v e l o p a n d / o r c o o r d i n a t e o n - f a r m resea rch p l a n s i n v o l v i n g the o r g a n i z a t i o n s
r e p r e s e n t e d a t t h e w o r k s h o p ; a n d
• iden t i fy s u i t a b l e r e s e a r c h loca t ions .
T h e w o r k s h o p d i s cus s ions , s u m m a r i z e d i n t h e last chapte r , b r o u g h t t o l ight
i m p o r t a n t i s sues t h a t n e e d t o b e a d d r e s s e d i n n u t r i e n t m a n a g e m e n t research .
R e d u c i n g t h e r i sk o f fert i l izer a p p l i c a t i o n i s t h e k e y to w i d e r a ccep t ance of
n u t r i e n t m a n a g e m e n t r e c o m m e n d a t i o n s . P r o m i s i n g resu l t s o f on - s t a t i on exper i -
m e n t s s u g g e s t t h a t r e s p o n s e a p p l i c a t i o n s c h e m e s for ferti l izer m a y b e t h e w a y t o
a c h i e v e th i s goa l , i f f a r m e r s ' p a r t i c i p a t i o n in t h e p roces s of t e chno logy
d e v e l o p m e n t i s a s s u r e d . T h e co l l abora t ive r e sea rch p l a n s d e v e l o p e d d u r i n g th is
w o r k s h o p a r e b a s e d o n t h e s e expe r i ences a n d wi l l c o n t r i b u t e t o g rea te r food
secu r i t y a n d s u s t a i n a b l e l a n d u s e i n t he h a r s h a r id e n v i r o n m e n t o f w e s t e r n
Rajas than .
B S e e l i n g
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D i s t i n g u i s h e d p a r t i c i p a n t s :
I t g ive s m e g r e a t p l e a s u r e t o w e l c o m e y o u all t o C A Z R I a n d t o this p l a n n i n g
w o r k s h o p for o n - f a r m n u t r i e n t m a n a g e m e n t research i n Rajas than. Th i s t i m e o f
y e a r i s n o r m a l l y v e r y d r y a n d h o t i n J o d h p u r , b u t th is yea r i t h a s r a i n e d a l i t t le,
a n d th i s hope fu l ly wi l l m a k e y o u r s t a y comfor tab le h e r e i n th i s S u n City, t he
g a t e w a y t o t h e I n d i a n dese r t .
W e s t e r n Ra jas than , o c c u p y i n g n e a r l y 62% a rea o f t h e I n d i a n a r id z o n e , i s t h e
m o s t th ick ly p o p u l a t e d d e s e r t i n t he w o r l d , w i t h meage r , ove rexp lo i t ed n a t u r a l
r e s o u r c e s a n d a p r e d o m i n a n t l y a g r a r i a n ba se . F a r m i n g i s a l m o s t en t i re ly ra infed .
T h e rainfal l h a s a h i g h coefficient o f var iabi l i ty in th i s z o n e . E v e n t h e o n s e t a n d
recess ion o f t h e m o n s o o n p l a y h i d e - a n d - s e e k w i t h t h e farmer. T h e p o o r
p h y s i c o e d a p h i c charac te r i s t i cs , c o u p l e d w i t h f requent a n d i n t e r m i t t e n t d r o u g h t s ,
c rea te a g l o o m y scena r io . P e r h a p s in no o the r hab i t a t a r e p l a n t s subjec ted to s u c h
r ig o r s o f f l uc tua t i ng w e a t h e r a n d a d v e r s e e d a p h i c cond i t i ons a s i n t hese a r id
r eg ions .
F a r m i n g in th i s z o n e , therefore , i s for s u s t e n a n c e a n d su rv iva l . F a r m e r s g r o w
c r o p s t h a t h a v e w i t h s t o o d the se c o n d i t i o n s for cen tu r ies : pea r l mi l le t a m o n g
cereals a n d c lus te r b e a n , m o t h b e a n , a n d m u n g b e a n a m o n g l e g u m e s . T h u s w e
h a v e s o m e cho ice o f l e g u m e c r o p s b u t n o n e o f cereals . Pea r l mi l le t i s t he o n l y c r o p
for a r a b l e f a rming , b e y o n d w h i c h w e m o v e t o pas to ra l ac t iv i t ies a n d e v e n less
i n t e n s i v e f o r m s of ag r i cu l tu re . Pea r l mi l le t h a s b e e n a m e a s u r e c o m p o n e n t of a r i d
l a n d c r o p p i n g s y s t e m s fo l lowed he re i n Ind ia a n d i n t h e Sahe l ian coun t r i e s .
D e s p i t e differences i n loca t ions a n d cu l tu r e s o f t h e p e o p l e s w h o i n h a b i t t h e m ,
t h e s e a r e a s h a v e s t r i k ing s imi lar i t ies . T h e y r e p r e s e n t o n e o f t h e p o o r e s t r e source
b a s e s for c r o p p e d a r e a s i n t h e w o r l d . Subs i s t ence ag r i cu l tu r e p r e d o m i n a t e s , a n d
r i sk o f c r o p fa i lures i s h i g h , w i t h d r o u g h t a n d p o o r soil n u t r i e n t s t a t u s
s ignif icant ly l im i t i ng p r o d u c t i o n . Soils i n these a r ea s c o n t a i n m o r e t h a n 90% s a n d
a n d l i t t le o r g a n i c m a t t e r ; ye t sur face c r u s t i n g i s c o m m o n . Th i s p r o b l e m i s fu r ther
c o m p o u n d e d b y l o w - i n p u t m a n a g e m e n t s t ra teg ies t ha t a r e su s t a inab l e o n l y a t
v e r y l o w p r o d u c t i o n levels .
T h e p a r t i c i p a t i o n o f ICRISAT in o u r effort to i m p r o v e t h e p r o d u c t i v i t y o f t h e
a r i d z o n e s , there fore , i s n o t o n l y logical b u t i m p e r a t i v e , c o n s i d e r i n g o u r c o m m o n
in te res t s . We m a d e a b e g i n n i n g last y e a r i n th is d i r ec t ion t h r o u g h o u r
c o l l a b o r a t i o n on ICRISAT's I n t e g r a t e d S y s t e m s Project 1 (ISP1). I am h a p p y t h a t
th i s w o r k s h o p i s o r g a n i z e d t o fu r the r s t r e n g t h e n the l inks b e t w e e n u s b y p l a n n i n g
for t h e n u t r i e n t m a n a g e m e n t r e sea r ch t o b e t a k e n u p i n c o m i n g s e a s o n s . I a m
1. Director, Central Arid Zone Research Institute (CAZRI), Jodhpur 342 003, Rajasthan India.
3
conf iden t t h a t th i s wi l l h e l p d e v e l o p s t ra teg ies for e n h a n c e d a n d s u s t a i n a b l e
p r o d u c t i o n i n r a in fed a r e a s w i t h s h o r t g r o w i n g s ea sons .
C o n s i d e r a b l e w o r k h a s b e e n d o n e a t C A Z R I o n v a r i o u s a spec t s o f n u t r i e n t
m a n a g e m e n t s t ra teg ies . I am s u r e t h e p a r t i c i p a t i n g sc ient i s t s f rom C A Z R I wi l l
p r e s e n t a c o m p l e t e rev iew, so t h a t fu tu re r e sea rch n e e d s a r e we l l de f ined a n d
d e c i d e d .
A s y o u a r e a w a r e , n u t r i e n t a p p l i c a t i o n p r o m o t e s r oo t a n d s h o o t g r o w t h a n d
confe rs o t h e r a d v a n t a g e s , r e s u l t i n g i n i nc reased w a t e r - u s e efficiency. Since w a t e r
i s t h e m o s t s eve re ly l i m i t i n g factor i n a r i d a r eas , w a t e r - u s e efficiency c a n be
c o n s i d e r a b l y i n c r e a s e d i f soil a n d c r o p m a n a g e m e n t i s g o o d a n d fert i l izers a re
u s e d b e a r i n g w e a t h e r d a t a i n m i n d . W i t h o u t a p r o p e r a w a r e n e s s o f w e a t h e r a n d
soi l c o n d i t i o n s , fert i l izer u s e m a y b e b e s e t w i t h difficulties. I n m y c o n s i d e r e d
o p i n i o n , h o w e v e r , i f a p p l i c a t i o n r a t e s a n d ca r r ie r s o f n u t r i e n t s a r e d e c i d e d w i t h
full a p p r e c i a t i o n o f soi l a n d w e a t h e r c o n d i t i o n s a n d i f t i m e a n d m e t h o d o f
a p p l i c a t i o n a r e p r o p e r l y d e t e r m i n e d , t h e c h a n c e s o f i m p r o v i n g p r o d u c t i o n w i t h
fert i l izer u s e i n a r i d a r e a s a r e g o o d . I u n d e r s t a n d t h a t t h e m o d e l i n g c o m p o n e n t o f
o u r co l l abo ra t i ve r e s e a r c h p r o g r a m wi l l b e o f h e l p i n th i s d i rec t ion . I a m h a p p y
t h a t o n - f a r m t r ia ls a r e a l so b e i n g p l a n n e d t o m e e t these object ives .
I t h a n k ICRISAT for h o s t i n g th i s w o r k s h o p a t C A Z R I . I h o p e t ha t all of y o u wi l l
c o n t r i b u t e fully t o t h e d i s c u s s i o n s a n d t h i n k h a r d a b o u t w h a t n e e d s t o b e d o n e
a n d h o w w e c a n w o r k t o g e t h e r t o i m p r o v e the p r o d u c t i v i t y o f a r id l a n d s . Finally, I 
w i s h y o u a l l success i n y o u r de l i be ra t i ons , w h i c h I a m conf iden t wi l l b e
c o n s t r u c t i v e a n d fruitful.
T h a n k y o u .
4
R e s p o n s e o f Pearl Mi l l e t -based Cropp ing S y s t e m s
to N i t r o g e n in the Ar id R e g i o n
N L Joshi
1
Abstract
Western Rajasthan includes 62% of the 31.7 million hectares of the Indian arid zone. 
Farming is almost entirely rainfed, and the highly variable rainfall (CV 40%) is the 
major climatic factor influencing agriculture. Pearl millet is the main crop, grown either 
alone or in mixtures with different legumes. Fertilizer is applied in small quantities in 
these areas, and is largely limited to nitrogen. Considerable variation has been observed 
between seasons and among varieties in the N response of sole pearl millet. The optimum 
N dose ranged from 23 kg ha-1 for local varieties to 84 kg ha-1 for hybrids, and varied 
with the amount and distribution of rainfall during the season. Results suggest that as 
little as 24 kg N ha-1 could be used without seriously reducing pearl millet yields. The 
application of N increased water use marginally in a good rainfall season, but the 
consequent increase in water-use efficiency was significant. Balanced application of N, P, 
and K gave the maximum yields. Response to micronutrients (Fe and Zn) was more 
marked during a drought than in a normal season. In legume-pearl millet cropping 
sequences, cluster bean preceding pearl millet was more productive than mung bean or 
moth bean. Inoculation with A z o s p i r i l l u m b r a s i l e n s e was found to contribute an
amount equivalent to 13 kg ha-1 of the N requirement of pearl millet in a sole-cropping 
system; however, this effect decreased with increase in external N application, and at 40 
kg N ha-1 the inoculation ceased to increase grain yield. 
Introduction
In t h e a r i d r e g i o n s o f Ind i a , f a r m i n g i s a l m o s t en t i re ly ra in fed , a n d p e a r l mi l le t i s
t h e p r e d o m i n a n t c r o p . T h e a r i d r e g i o n s o c c u p y 31.7 mi l l ion hec ta res (12% of t h e
g e o g r a p h i c a l a rea o f Ind i a ) , a n d w e s t e r n Rajas than i n c l u d e s 6 2 % of t h e a r i d a rea .
P e a r l mi l l e t y i e ld s a r e v e r y l o w i n th i s r eg ion , p r inc ipa l ly d u e t o r e c u r r i n g
d r o u g h t s . F a r m e r s a p p l y 1 2 - 2 4 t h a - 1 f a r m y a r d m a n u r e (FYM) o n c e i n 3 - 4 y e a r s ,
b u t s e l d o m a p p l y fer t i l izer—chief ly n i t r o g e n — t o p e a r l mil le t . Deficiency o f N in
th i s z o n e i s c o n s i d e r e d u n i v e r s a l , b u t t h e e c o n o m i c benef i t s o f fert i l izer
a p p l i c a t i o n i n d r o u g h t - p r o n e a r e a s h a s a l w a y s b e e n d e b a t a b l e . O n t h e o n e h a n d ,
1. Department of Agronomy, Central Arid Zone Research Institute (CAZRI), Jodhpur 342 003, Rajasthan, India.
Joshi, N.L. 1997. Response of pearl millet-based cropping systems to nitrogen in the arid region. Pages 5-23 in From
research station to farmer's field; nutrient management research for millet-based cropping systems of western
Rajasthan; proceedings of a planning workshop, 20-22 May 1996, Jodhpur, India (Seeling, B. and Joshi, N .L , eds.).
Patancheru 502 324, Andhra Pradesh, India: International Crops Research Institute for the Semi-Arid Tropics and
Jodhpur 342 003, Rajasthan, India: Central Arid Zone Research Institute.
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w h e r e soil m o i s t u r e i s l imi ted , n u t r i e n t deficiency m a y r e d u c e yie ld , a n d the
a d d i t i o n o f s o m e ferti l izer i s w a r r a n t e d . On the o the r h a n d , t he fer t i l izer- induced
inc reases i n w a t e r u s e d u r i n g the ear ly vege t a t i ve p e r i o d m a y r e d u c e yie ld b y
inc rea s ing c r o p w a t e r deficit a t cri t ical later s t a g e s . T h e r e d u c e d avai labi l i ty a n d
u t i l i za t ion o f n u t r i e n t s u n d e r d r y c o n d i t i o n s vis-a-vis fer t i l izer- induced d r o u g h t
to l e rance m a k e t h e p r o b l e m e v e n m o r e complex . This p a p e r r e v i e w s the r e s p o n s e
of p e a r l mi l le t to a p p l i e d N in different m o i s t u r e avai labi l i ty s i t ua t ions in t he
v a r i o u s c r o p p i n g s y s t e m s p rac t i ced i n I n d i a ' s a r id a reas .
■
Rainfal l and Soi l Mois ture Variabil ity
C l i m a t e i s t he major factor d e t e r m i n i n g >75% of t he var iabi l i ty in the l a n d - u s e
p a t t e r n of a reg ion , a l t h o u g h o t h e r factors, s u c h as soils , t o p o g r a p h y , a n d w a t e r
q u a l i t y a r e a lso i m p o r t a n t . T h e efficiency o f the ag r i cu l tu ra l p r o d u c t i o n s y s t e m s in
t h e a r i d r e g i o n i s d e t e r m i n e d m a i n l y by the local c l imat ic cond i t ions . Of these ,
rainfal l i s t h e m o s t i m p o r t a n t , a s i t def ines the l eng th o f the g r o w i n g s e a s o n a n d
the ava i lab i l i ty of m o i s t u r e w i t h i n the s e a s o n for the success of the c r o p
( R a m a k r i s h n a 1986).
T h e h o t a r i d r e g i o n s of t h e I n d i a n s u b c o n t i n e n t receive the major p a r t o f
rainfal l d u r i n g t h e s o u t h w e s t m o n s o o n , f rom J u n e t o Sep tember . T h e m e a n a n n u a l
rainfal l r a n g e s f rom 400 mm in the ea s t e rn pa r t o f t h e a r id z o n e t o <100 mm a t
Ja isa lmer , on t h e w e s t e r n b o r d e r (Fig. 1). Rainfall a lso va r i e s w i d e l y from yea r to
y e a r — f o r e x a m p l e , i n J o d h p u r , w h e r e the h ighes t a n n u a l rainfall r eco rded w a s
1178 mm in 1917; t he lowes t , 38 mm in 1918 ( R a m a k r i s h n a 1988). T h e coefficient o f
Figure 1. Annual variability in rainfall at two arid-zone stations, Rajasthan, India. 
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v a r i a t i o n (CV) of a n n u a l rainfal l in t he a r id r eg ion i s n o r m a l l y >40%; t h e seasona l
var iab i l i ty is still h i g h e r (Fig. 2).
Figure 2. Rainfall in relation to variability in the arid zone, Rajasthan, India. 
Pear l mi l l e t i s gene ra l ly s o w n d u r i n g the first half o f July, w h e n the m e a n
p r e c i p i t a t i o n i s h igh , w i t h a l o w CV. M a x i m u m prec ip i t a t ion i s d u r i n g July-
A u g u s t , after w h i c h the re is a s h a r p dec l ine in rainfall , w i t h a h i g h e r CV, in
Sep t ember . Rainfall i s negl ig ib le b e t w e e n Oc tobe r a n d June . W i t h this
d i s t r i b u t i o n , i t i s n o r m a l for c r o p s to suffer w a t e r deficit d u r i n g the crit ical
r e p r o d u c t i v e p h a s e .
Success ive d r y y e a r s a re c o m m o n , pa r t i cu l a r ly i n l o w e r rainfall a reas . For
e x a m p l e , t he r eg ion of Ja i sa lmer h a s r e c o r d e d up to 7 consecu t ive yea r s of b e l o w -
n o r m a l r a i n f a l l .
W i d e d e p a r t u r e s f rom t h e a v e r a g e p a t t e r n o f rainfall a re c o m m o n (Fig. 2);
consequen t ly , u n p r e d i c t a b l e m o i s t u r e deficits c a n be seen in the p a t t e r n s of soil
m o i s t u r e e n c o u n t e r e d d u r i n g t h e c r o p p i n g p e r i o d in different y e a r s (Fig. 3).
D e s p i t e th is variabi l i ty , we c a n v i sua l i ze four s i t ua t ions o f m o i s t u r e avai labi l i ty:
n o r m a l s e a s o n (no major s t ress) , m o d e r a t e s t ress , s eve re s t ress , a n d e x t r e m e s t ress
(Fig. 3). T h e resu l t s d i s c u s s e d in th i s p a p e r a re l imi ted to these s i tua t ions .
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Figure 3. Different moisture availability situations in the arid zone, Rajasthan, India. 
C r o p p i n g S y s t e m s i n Arid R e g i o n s
W e s t e r n Ra jas than h a s b e e n d i v i d e d in to four agroc l imat ic z o n e s (Ia, Ib , I Ia , a n d
IIb) , b a s e d on rainfal l , t o p o g r a p h i c a l fea tures , a n d c r o p p i n g p a t t e r n s . Z o n e Ib
(cons i s t ing of t h e d is t r ic t s o f S r i g a n g a n a g a r a n d H a n u m a n g a r h ) h a s large a reas
u n d e r c a n a l i r r i ga t i on a n d therefore i s no t i n c l u d e d in th is pape r .
Z o n e Ia, t he Ar id Wes t e rn Pla in , cove r ing a g e o g r a p h i c a l a rea of 12.4 mi l l ion
hec ta res , i n c l u d e s Ja isa lmer , Barmer , Bikaner, a n d p a r t s o f J o d h p u r dis tr ic t . In th is
z o n e , rainfal l i m p o s e s s e r i o u s res t r ic t ions on a rab le f a rming . Desp i t e r i g o r o u s
ecological se lec t ion o v e r a l o n g p e r i o d , o n l y a few c rops , s u c h as pea r l mil let ,
m u n g b e a n , c lus te r b e a n , m o t h b e a n , s e s a m e , a n d cas tor a r e g r o w n i n v a r i o u s
p r o p o r t i o n s . Pea r l mi l le t i s t h e m o s t i m p o r t a n t c rop ; so l e -c ropped pea r l mil le t o r a 
pea r l mi l le t - fa l low r o t a t i o n i s c o m m o n .
Clus t e r b e a n , m o t h b e a n , a n d m u n g b e a n a re l e g u m e c rops o f the r a iny season .
In i r r iga ted pocke t s , w h e a t , barley, ch ickpea , a n d m u s t a r d a re i m p o r t a n t c rops ,
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b u t y i e ld s a r e fairly low. T h e major i ty of f a rmers in z o n e Ia prefer m i x e d c r o p p i n g
t o so le c r o p p i n g , m i x i n g pea r l mil le t , m u n g b e a n , m o t h b e a n , a n d s e s a m e . T h e
p r o p o r t i o n o f p e a r l mi l le t in t he m i x t u r e i s r e d u c e d i f s o w i n g s a r e d e l a y e d b e y o n d
the first fo r tn igh t o f J u l y C lus t e r b e a n i s u s u a l l y so l e - c ropped a n d s e l d o m p u t i n
m i x t u r e s . Table 1 s h o w s the m o s t c o m m o n l y p rac t i ced c r o p p i n g p a t t e r n s in th is
z o n e .
Table 1. Exis t ing cropp ing patterns in agrocl imatic z o n e Ia, wes tern Rajasthan,
India .
First y e a r Second yea r
R a i n y
s e a s o n
P o s t r a i n y
s e a s o n
Ra iny
s e a s o n
Pos t r a iny
s e a s o n
Pear l mi l le t Fa l low Fa l low Barley
M o t h b e a n Fa l low Pear l mil le t Fa l low
Pear l mi l le t C h i c k p e a Fa l low Fal low
C l u s t e r b e a n Fa l low Pear l mi l le t Fa l low
S e s a m e Fa l low Fal low Fal low
Pear l mi l le t + g r a i n l e g u m e s Fa l low S e s a m e Fal low
Fa l low Fal low G r a i n l e g u m e s W h e a t
F a l l o w M u s t a r d Clus t e r b e a n Fa l low
Si lv iagr ipas to ra l cu l t i va t ion w i t h p r o d u c t i o n o f pea r l mil let , m o t h bean , m u n g
b e a n , c lus te r b e a n , a n d s e s a m e h a s the po ten t i a l for inc reas ing i n c o m e s a n d
s tab i l i z ing c r o p p r o d u c t i o n i n th is z o n e , p r o v i d e d r o w s p a c i n g i s w i d e r t h a n
p r e s e n t l y p r ac t i c ed .
Z o n e IIa is a t r ans i t iona l p l a in of i n l and d r a i n a g e , w i t h a g e o g r a p h i c a l a rea of
3.7 mi l l ion hec ta res , c o m p r i s i n g N a g a u r , Sikar, J h u n j u n u , a n d p a r t s o f C h u r u
dis t r ic t s . Z o n e I Ib i s classified as a t rans i t iona l p l a in of the L u n i bas in , w i t h an
area of a b o u t 3 mi l l ion hec ta res , c o m p r i s i n g Jalor, Pali , a n d p a r t s of Sirohi a n d
J o d h p u r d is t r ic t s . Since these z o n e s a re t r ans i t iona l b e t w e e n a r id a n d semi -a r id ,
p e a r l mi l le t , m u n g b e a n , c lus ter bean , a n d c o w p e a a re the p r inc ipa l r a iny - sea son
c rops , w i t h m u s t a r d , ch ickpea , w h e a t , a n d ba r l ey g r o w n i n pocke t s i n t h e
p o s t r a i n y s ea son .
O u r e x p e r i e n c e o v e r s eve ra l y e a r s i s t h a t o n l y o n e c r o p can b e g r o w n i n z o n e s
I I a a n d I I b . R a i n y - s e a s o n c rops , s u c h a s pe a r l mil let , m u n g b e a n , a n d c lus te r b e a n
c a n be g r o w n w i t h o u t i r r i ga t ion i f t e c h n i q u e s for h a r v e s t i n g w a t e r in -s i tu a r e
a d o p t e d ; i n t h e a b s e n c e o f s u c h a r r a n g e m e n t s t o a u g m e n t w a t e r s u p p l y d u r i n g
t h e p o s t r a i n y w i n t e r s ea son , o n l y o n e c r o p p e r yea r i s poss ib le . T h u s , a m u s t a r d -
b a s e d c r o p p i n g s y s t e m , c h i c k p e a / b a r l e y - b a s e d sy s t em, a n d a p e a r l m i l l e t -whea t
r o t a t i o n offer be t t e r p r o s p e c t s in i r r iga ted a reas . A v e r a g e y i e lds o f m u s t a r d ,
ch ickpea , a n d pe a r l mi l le t a re a b o u t 0.5 t ha - 1 , a n d of w h e a t , 2 t ha - 1 in th i s z o n e .
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T h e c o m m o n c r o p p i n g p a t t e r n s i n z o n e s I I a a n d I Ib a r e s imi lar t o t h o s e o f z o n e I ,
b u t y i e l d s a r e re la t ive ly h igher , a n d t h e r i sk o f c r o p fai lure i s lower. In con t ra s t to
f a r m e r s of z o n e Ia , t h o s e of z o n e I Ia prefer so le c rops of p e a r l mi l le t a n d l e g u m e s
t o m i x t u r e s . Pea r l mi l le t i s m i x e d w i t h l e g u m e s o n l y w h e n s o w i n g s a re d e l a y e d
b e y o n d t h e th i rd w e e k o f J u l y
M o s t o f t h e c r o p s a r e we l l a d a p t e d i n these s u b z o n e s , b u t y ie lds a r e p o o r
b e c a u s e of ferti l i ty d e p l e t i o n in a l r e a d y i m p o v e r i s h e d soil. Fert i l izer u s e i s <15 kg
ha - 1 y e a r - 1 i n s o m e a reas , w h i l e ac tua l ne t r e q u i r e m e n t i s a b o u t 40 kg ha - 1 . M o s t
f a r m e r s a t p r e s e n t a r e r e luc t an t to u s e ino rgan ic fert i l izers in a r id a reas , r e ly ing
i n s t e a d on F Y M to p a r t l y m e e t t h e nu t r i t i ona l r e q u i r e m e n t s o f c rops .
Nutr ient M a n a g e m e n t i n Cropp ing S y s t e m s
A g r i c u l t u r e in th i s a rea o f Ra jas than h a s b e e n t r ad i t iona l , essent ia l ly subs i s tence ,
a g r i c u l t u r e , t h e m o s t c o m m o n prac t i ce b e i n g so l e -c ropp ing o f pea r l mil le t . T h e
u s e o f fer t i l izers i s meage r , a n d , b a s e d on thei r y ea r s o f expe r i ence a n d
o b s e r v a t i o n s , f a rmer s h a v e u s e d fa l lows to let soil p r o d u c t i v i t y r ecupe ra t e .
H o w e v e r , w e e d s i n fa l low l a n d s g r o w u n c h e c k e d , a n d fa rmers d o no t till t he l and
for fear o f s e v e r e w i n d eros ion; therefore , r e c u p e r a t i o n i s i n a d e q u a t e . T h e p rac t i ce
of f a l lowing i s a l so dec l in ing , w i t h t he d e c r e a s e in l a n d h o l d i n g s . Pear l mil le t-
b a s e d i n t e r c r o p p i n g a n d ce rea l - l egume ro t a t i ons a re a lso p rac t i ced i n s o m e areas .
N o t m u c h w o r k h a s b e e n d o n e o n i n t e g r a t e d n u t r i e n t m a n a g e m e n t b a s e d o n
c r o p p i n g p a t t e r n s o f t he r eg ion ; hence , t he e m p h a s i s i n the s u c c e e d i n g
p a r a g r a p h s i s o n t h e m o s t c o m m o n l y p rac t i ced p a t t e r n s o f the a r id z o n e .
N u t r i e n t m a n a g e m e n t i n s o l e p e a r l m i l l e t
Fer t i l izer i s an i m p o r t a n t i n p u t for inc reas ing c r o p p roduc t iv i ty , e v e n in ra infed
l a n d s . N i t r o g e n in f luences p e a r l mi l le t y ie lds m o r e t h a n o the r n u t r i e n t s (Misra
1964). Bet ter r e s p o n s e of p e a r l mi l le t to n u t r i e n t s cou ld be o b t a i n e d i f o t h e r
factors , s u c h a s t im e ly w e e d i n g , w e r e a d o p t e d , t o a l l ow m a x i m u m u p t a k e o f
n u t r i e n t s (Joshi a n d Pan jab S i n g h 1981, 1985).
Seve ra l p e a r l mi l l e t va r i e t i e s a n d h y b r i d s h a v e b e e n d e v e l o p e d a n d re leased .
Varie ta l r e s p o n s e to N h a s b e e n s t u d i e d a t C A Z R I f rom t i m e to t ime . For local
var ie t i e s , 23.3 kg ha - 1 N is o p t i m u m (Vyas et al . 1972). T h e i m p r o v e d var ie t i es a re
m o r e r e s p o n s i v e to N a p p l i c a t i o n (Singh et al . 1974; Pan jab S ingh 1977). T h e
o p t i m u m N d o s e , h o w e v e r , va r i e s cons ide r ab ly b e t w e e n y e a r s a n d a m o n g
var i e t i e s i n t h e a r i d r e g i o n (Table 2). Better r e s p o n s e s cou ld be expec ted , e v e n in
low-ra infa l l s e a s o n s , b e c a u s e c r o p yie ld r e s p o n s e i s in f luenced n o t o n l y by t h e
a m o u n t b u t a l so by t h e d i s t r i b u t i o n o f rainfal l d u r i n g c r o p g r o w t h . Because o f
i m p r o v e d N - u s e efficiency, a m a r g i n a l fall i n o p t i m u m d o s e i s expec ted w h e n
rainfal l d u r i n g c r o p g r o w t h i s w e l l d i s t r i b u t e d . C o n s i d e r i n g t h e h i g h var iab i l i ty o f
r e s p o n s e i n a r i d a r e a s d u e t o h i g h r i sk c o n d i t i o n s , t h e u s e o f l o w e r - t h a n - o p t i m u m
d o s e s h a s b e e n s u g g e s t e d (Joshi e t al . 1984).
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Table 2 . Product ion r e s p o n s e a n d e c o n o m i c o p t i m u m for n i trogen appl icat ion
to three pearl mi l l e t variet ies in t w o rainfall d is tr ibut ion s i tuat ions .
Seasonal
rainfall Rainy Distri-
(mm) days bution Variety Production response
Opt imum
N
(kg ha -1)
Expected
yield
(kg ha-1)
280 23 Good BJ 104 Y = 5.57 + 0.2623 X -
0.0020 X2
57.14 1403
Improved
Local
Y = 4.80 + 0.0920 X -
0.0005 X2
58.25 846
BD 111 Y = 3.56 + 0.1584 X -
0.0009 X2
69.25 1022
698 16 Bad BJ 104 Y = 4.67 + 0.1839 X -
0.0012 X2
62.57 1148
Improved
Local
Y = 2.85 + 0.1517 X -
0.0009 X2
65.53 892
BD 111 Y = 4.69 + 0.1147 X -
0.0005 X2
80.95 1070
Source: Joshi (1984).
T h e r e c o m m e n d a t i o n s for u s i n g phys ica l o r e c o n o m i c o p t i m a for o p t i m u m
yield of pea r l mi l le t (Singh et al . 1974; Panjab S ingh , 1977; Joshi 1984) p r e s u p p o s e d
no c o n s t r a i n t on t he avai labi l i ty of fertilizer. In fact, h o w e v e r , the c o u n t r y i s n o w
facing a s h o r t a g e of ferti l izer N. Joshi a n d Kalla (1986) p r o p o s e d the u s e of
p r a g m a t i c levels of N. For this , a s c h e d u l e s h o u l d be w o r k e d o u t to cur ta i l N 
a p p l i c a t i o n w i t h o u t i m p a i r i n g the p r o d u c t i o n po ten t i a l : t he q u a n t i t i e s of N are
a l l o w e d to d i m i n i s h a t a fixed in te rva l , a n d the cost r e d u c t i o n a n d c o n s e q u e n t ne t
payoff i nc iden t a l to the r e d u c t i o n in the q u a n t i t i e s of fertil izer a re i t e ra ted un t i l
t h e loss in ne t payoff i s e q u i v a l e n t to the ga in in the cost of r e d u c t i o n of fertilizer.
T h i s i s t e r m e d a " p r a g m a t i c " level of N.
T h e r e su l t s of s u c h s t u d i e s i nd i ca t e t h e poss ib i l i ty of N c u r t a i l m e n t of a b o u t 24
kg ha - 1 for p e a r l mi l le t va r i e ty CM 46 a n d h y b r i d P H B 12 (Table 3). F r o m the p o i n t
of v i e w of N e c o n o m y , i t w o u l d be des i r ab le to p o p u l a r i z e s u c h var ie t ies a n d
h y b r i d s : t h e N s a v e d on e v e r y 3 ha of t he se can be u s e d for a b o u t 1 ha a d d i t i o n a l
a rea t ha t o t h e r w i s e m a y n o t h a v e rece ived N a p p l i c a t i o n a t all. S u c h N s a v i n g s
n e e d t o be w o r k e d o u t f rom t i m e t o t i m e for n e w re leases .
S o m e s t u d i e s h a v e b e e n m a d e o n b a l a n c e d app l i ca t i on o f n u t r i e n t s t o effect
efficient u s e o f a p p l i e d i n p u t s a n d to inc rease pea r l mi l le t y ie lds . H i g h e r y i e lds
h a v e b e e n o b t a i n e d on s a n d y soi ls w i t h the c o m b i n e d app l i ca t i on o f N a n d P t h a n
w i t h N or P a l o n e (Misra 1971). A p p l i c a t i o n of 40 kg ha -1 N p l u s 17.5 kg ha -1 P h a s
g i v e n 35-150% yie ld inc rease in g o o d rainfall yea r s ( M a n n a n d S i n g h 1977). O v e r 3 
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Table 3 . R e l a t i o n s h i p of n i t rogen a p p l i e d (kg ha
- 1
)
1
 to grain y i e l d (kg ha
- 1
)
1
 in
pearl m i l l e t in the Ind ian arid z o n e .
V a r i e t y /
h y b r i d Nmax Ymax N o p t
Yopt
P r a g m a t i c
N
level
N s a v i n g
from u s e of
p r a g m a t i c
N level
(kg ha - 1 )
I m p r o v e d
Local 84.4 921 63.9 893 39.4 24.5
BJ 104 76.5 1367 66.0 1353 50.2 15.8
B D 111 91.7 1106 74.4 1082 55.0 19.4
C M 46 104.3 1195 84.2 1168 59.5 24.7
P H B 12 101.5 1261 82.5 1250 59.4 23.1
1 . N m a x = maximum N applied; Ym a x = maximum yield; N o p t = optimum N ; Yopt = optimum yield.
Source: Joshi and Kalla (1986).
y e a r s , t h e m a x i m u m g r a i n y ie ld o f p e a r l mil le t w a s o b t a i n e d w i t h a c o m b i n e d
a p p l i c a t i o n of 60 kg N, 13 kg P, a n d 12.5 kg K ha - 1 (CAZRI 1978).
F e w s t u d i e s h a v e b e e n m a d e o f t h e effect o f m i c r o n u t r i e n t s on p e a r l mi l le t
y ie ld in t h e a r i d z o n e . Beneficial effects of t race e l e m e n t s w e r e o b s e r v e d in 1 y e a r
d u r i n g a 4 -year s t u d y (Misra a n d Bha t t acha rya 1966). A p p l i c a t i o n of Fe, Z n , a n d
Mg h a s g i v e n a 15-21% y ie ld inc rease in t r ad i t i ona l va r ie t i es (Table 4). W i t h a 
h y b r i d , Z n a p p l i c a t i o n i nc r ea sed y ie ld u p t o 1 3 % (Joshi a n d Pan jab S i n g h 1985).
T h e r e s p o n s e t o F e a n d Z n w a s conf ined t o t h e d e v e l o p m e n t s t age , w i t h
s ignif icant i nc reases i n ke rne l w e i g h t , w h e r e a s r e s p o n s e t o Mg cou ld be s e e n a t all
s t a g e s o f p l a n t g r o w t h a n d d e v e l o p m e n t . R e s p o n s e s t o m i c r o n u t r i e n t s w e r e m o r e
p r o n o u n c e d in a d r o u g h t y e a r t h a n in n o r m a l rainfal l y e a r s (Misra 1971).
W o r k o n t h e r e l a t i ons a m o n g n u t r i e n t s a p p l i e d t o p e a r l mi l le t i s a l so l imi ted .
A p p l i c a t i o n o f major n u t r i e n t s (N, P , a n d K ) a t t i m e s m a y r e d u c e t h e C u u p t a k e b y
p e a r l mi l le t (Jain e t al . 1967). T h e H 2 P O 4 m a y r e d u c e t h e u p t a k e o f C u b y s o m e
p r o c e s s ex te rna l t o t h e p l a n t t h a t m a y resu l t i n C u immob i l i z a t i on . T h e inc reased
c o n c e n t r a t i o n o f N H + 4 a n d K+ i o n s d u e to a p p l i c a t i o n o f N , P , a n d K c a u s e
r e t e n t i o n o f ava i l ab l e Cu in t h e soil , i n d i c a t i n g an t agon i s t i c effects o f t he se ions on
the u p t a k e o f c o p p e r (Misra a n d H w a r i 1964).
Resea rch c o n d u c t e d on different a s p e c t s o f fert i l izer u s e — i.e., o p t i m u m a n d
p r a g m a t i c levels o f N , b a l a n c e d u s e o f major n u t r i e n t s , r e s p o n s e t o m i c r o -
n u t r i e n t s , e t c . — s h o w s t h e r e s p o n s i v e n e s s o f p e a r l mi l le t t o fert i l izers . A p p l i c a t i o n
o f fer t i l izers u n d e r a r i d c o n d i t i o n s s h o u l d therefore be g i v e n g rea te r e m p h a s i s , a s
h u n g r y p l a n t s t r a n s p i r e w a t e r w i t h o u t p r o d u c i n g food. H o w e v e r , fert i l izers wi l l
n o t i n v a r i a b l y i nc rease c r o p y ie ld u n d e r a r i d c o n d i t i o n s . For e x a m p l e , i f
t h e a v e r a g e a n d a n t i c i p a t e d rainfal l ( on t h e bas i s o f t h e p r e v i o u s seve ra l
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Table 4 . Effect of micronutr ients on grain y i e l d of pearl m i l l e t over four
s e a s o n s in the Ind ian arid z o n e .
Source
Rate
(kg
ha - 1 )
G r a i n yie ld (kg ha - 1 )
E l e m e n t
Season 1 
(450
m m ) 1
Season 2 
(355
m m )
Season 3 
(137
m m )
Season 4 
(269
m m ) M e a n
Fe F e S O 4 32.6 970 813 657 847 821
M n M n S O 4 16.8 840 1028 334 648 721
Z n Z n S O 4 11.2 997 491 473 755 798
C u C u S O 4 11.2 844 809 459 584 674
B N a 2 B 4 O 7 5.6 768 795 73 764 675
M o ( N H 4 ) 6 M o 7 O 2 4 0.1 790 704 484 694 668
M g M g S O 4 163.0 880 872 512 857 780
M i x t u r e 1114 900 415 686 778
Con t ro l 853 866 415 564 675
LSD (5%) N S N S 141 N S N S
1. Figures in parentheses show total seasonal rainfall.
Source: Misra and Bhattacharya (1966).
yea r s ) i s n o t r ece ived a n d fert i l izer a p p l i e d i s u s e d to t he m a x i m u m , i t m a y
acce le ra te t h e ini t ia l g r o w t h of t h e c r o p to t he ex ten t t ha t a l m o s t all s to red
m o i s t u r e i s e x h a u s t e d b y the t i m e the c r o p en t e r s the r e p r o d u c t i v e p h a s e , l eav ing
lit t le o r n o m o i s t u r e t o s u p p o r t s u b s e q u e n t c r o p g r o w t h a n d the reby c a u s i n g
c o m p l e t e c r o p fai lure.
T h i s s i t u a t i o n i s be t t e r e x p l a i n e d by Lahi r i ' s s t u d i e s (1980), i n w h i c h t h e
m o i s t u r e c o n t e n t in t h e 75-cm soil profi le in the first s e a s o n g r a d u a l l y d e c r e a s e d
from 95 mm a t s o w i n g . By 30 d a y s after s o w i n g (DAS), 50% of ava i lab le soil
m o i s t u r e w a s r e m o v e d , a n d c o n t i n u e d r e m o v a l r e d u c e d soil m o i s t u r e t o a v e r y
l o w level t o w a r d t h e e n d o f t he g r o w i n g s e a s o n (Fig. 4). T h u s t h e ear ly vege t a t i ve
g r o w t h c o n s u m e d m o s t o f t h e m o i s t u r e , a n d d r y - m a t t e r p r o d u c t i o n inc reased
signif icant ly d u e to N app l i ca t i on ; h o w e v e r , t h e g r a i n yie ld w a s nea r ly negl ig ib le ,
a n d t h e in f luence of N w a s nons ign i f ican t (Table 5). In t he s e c o n d season , v e r y
l o w p r e c i p i t a t i o n k e p t t h e soil m o i s t u r e o f the major roo t z o n e b e l o w t h e
m i n i m u m ava i lab i l i ty (Fig. 4). S u c h s i t u a t i o n s a r e e n c o u n t e r e d w h e n the r a in s fail
c o m p l e t e l y i n a r i d a r eas , a n d ne i t he r d r y - m a t t e r p r o d u c t i o n n o r g ra in yie ld s h o w s
a r e s p o n s e to N a p p l i c a t i o n (Table 5). T h e th i rd s e a s o n w a s a favorable o n e , in
w h i c h t h e soil m o i s t u r e w a s r ead i ly ava i l ab le for t h e first 50 D A S , a n d t h e c r o p
faced o n l y a m i l d t e r m i n a l d r o u g h t . Bo th d r y m a t t e r a n d g r a i n y i e ld s i nc reased
signif icant ly w i t h i nc r ea s ing N levels up to 40 kg ha - 1 .
Var ia t ion i n s e a s o n a l rainfal l a n d c r o p g r o w t h inf luence t he w a t e r u s e a n d
w a t e r - u s e efficiency. In a v e r y l o w rainfal l s ea son , t he w a t e r u s e m a y be
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Figure 4. Moisture availability in three typical rainfall seasons of the arid zone, 
Rajasthan, India. 
a p p r o x i m a t e l y half t h a t in a g o o d rainfal l s e a s o n (Table 6), b u t w a t e r - u s e
efficiency for g r a i n p r o d u c t i o n is d ras t ica l ly r e d u c e d . T h e app l i ca t i on of N h a s
b e e n f o u n d to inc rease t h e w a t e r u s e a little, b u t t h e inc rease in w a t e r - u s e
efficiency w a s c o n s p i c u o u s (Lahir i 1980) (Table 6).
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Table 5 . Effects of ferti l izer n i trogen on grain y i e l d a n d dry-matter product ion
of pearl mi l l e t in four s e a s o n s w i t h different so i l water availabil ity.
1
N a p p l i e d
(kg ha - 1 )
G r a i n yield (kg ha - 1 ) D r y - m a t t e r y ie ld (kg ha
- 1 )
Season 1 Season 2 Season 3 Season 1 Season 2 Season 3 
0 25 0.5 1680 720 66 5080
20 22 0.5 1850 1170 70 5560
40 26 0.6 2480 1460 73 6860
60 0.5 2310 81 7020
LSD (P = 0.05) N S N S 390 162 N S 730
1. Total annual rainfall: season 1 = 179 mm; season 2 = 93 mm; season 3 = 595 mm.
Rainfall during cropping period : season 1 = 43 mm; season 2 = 76 mm; season 3= 442 mm.
Source: Lahiri (1980).
Table 6. Grain y i e l d , water u s e , and water-use efficiency of pearl mi l l e t at four
l e v e l s of n i trogen ferti l izer in a drought year and a g o o d rainfall year in the
Indian arid z o n e .
Season l 1 Season 2 1
N a p p l i e d
(kg ha - 1 )
G r a i n
yield
(kg
ha - 1 )
C o n -
s u m p t i v e
w a t e r u s e
( m m )
Wate r -use
efficiency
(kg ha-1
m m - 1 )
G r a i n
yield
(kg
ha - 1 )
C o n -
s u m p t i v e
w a t e r u s e
( m m )
Wate r -use
efficiency
(kg ha-1
m m - 1 )
0 0 3 79 0.0038 1970 163 12.08
20 0.5 - - 2500 171 14.62
40 0.6 81 0.0074 4070 174 23.39
60 0.5 75 0.0067 3280 199 16.48
1. Total annual rainfall: season 1= 93 mm; season 2 = 595 mm.
Rainfall during cropping period: season 1= 76 mm; season 2 = 442 mm.
Source: Lahiri (1980).
R e s p o n s e t o n i t r o g e n i n r e l a t i o n t o p l a n t i n g g e o m e t r y
In s o l e - c r o p p e d pea r l mil le t , p l a n t i n g g e o m e t r y h a s b e e n found to inf luence the
r e s p o n s e to N. In a s t u d y of th ree different rainfall s i tua t ions , i t w a s f o u n d tha t in
a b o v e - n o r m a l a n d n o r m a l rainfall s ea sons , t he y ie lds o f pear l mi l le t p l a n t e d in
u n i f o r m r o w s a n d in a " t r i p l e t " s y s t e m — s k i p p i n g eve ry four th r o w to get b o r d e r
e f f ec t s—were a b o u t the s a m e . H o w e v e r , w h e n rainfall w a s b e l o w n o r m a l , t he
t r ip le t s y s t e m g a v e s ignif icant ly h i g h e r y ie lds (Table 7).
H i g h ferti l i ty (90 kg h a - 1 N) g a v e signif icantly h ighe r y ie lds t h a n l o w fertility
(no N ) , i r r e spec t ive of rainfal l . At s imi la r levels o f N, t r ip le t p l a n t i n g g a v e h i g h e r
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Table 7 . Gra in y i e l d ( k g ha
- 1
) o f pearl mi l l e t as inf luenced by p lan t ing
g e o m e t r y a n d ferti l i ty l eve l in three seasona l rainfall s i tuat ions , Ind ian arid
z o n e .
P l a n t
p o p u l a t i o n
('000 ha - 1 )
Fert i l i ty
level
G r a i n y ie ld (kg ha - 1 )
P l a n t i n g
g e o m e t r y
A b o v e -
n o r m a l
rainfal l
(409 m m )
N o r m a l
rainfall
(260 m m )
Below-
n o r m a l
rainfal l
(193 m m )
U n i f o r m r o w s 166 L o w 2268 1548 314
H i g h 3065 2198 620
Tr ip le t 1 166 L o w 2312 1690 426
H i g h 2895 2384 790
Trip le t 100 L o w 2280 1637 374
H i g h 2820 2052 668
C D (5%) P l a n t i n g g e o m e t r y N S 232 92
CD (5%) Fer t i l i ty level 445 290 119
C D (5%) S y s t e m ferti l i ty N S N S N S
1. 'Triplet" planting = set of three rows followed by a vacant row.
y i e l d s t h a n u n i f o r m p l a n t i n g (Table 7), i n d i c a t i n g t h a t be t te r N - u s e efficiency c a n
b e a c h i e v e d b y m a n i p u l a t i n g p e a r l mi l le t p l a n t i n g geomet ry .
R e s p o n s e t o n i t r o g e n i n i n t e r c r o p p e d p e a r l m i l l e t
G r o w i n g o n e o r t w o l e g u m e s w i t h p e a r l mi l le t a s a m i x e d c r o p h a s b e e n a 
t r a d i t i o n a l p r a c t i c e i n t h e a r i d z o n e , p r i m a r i l y t o r e d u c e t h e r i sk o f c o m p l e t e c r o p
fa i lure i n p o o r s e a s o n s . N o specific r o w a r r a n g e m e n t s a r e fo l lowed i n th i s s y s t e m ,
w h i c h l e a d s t o l o w y i e ld s o f b o t h c o m p o n e n t s i n t h e m i x t u r e . N u t r i e n t
m a n a g e m e n t o f t h e m i x e d s y s t e m i s a lso difficult, b e c a u s e o f v e r y c lose
as soc i a t i on o f c r o p s w i t h different n u t r i e n t r e q u i r e m e n t s . S t u d i e s c o n d u c t e d to
a s se s s t h e r e s p o n s e to N in an i n t e r c r o p p i n g s y s t e m s h o w e d tha t a p p l i c a t i o n of N 
f a v o r a b l y i n f l uenced t h e y i e l d o f p e a r l mi l le t ( b o t h w i t h p a i r e d r o w s a n d a l t e rna t e
p l a n t i n g ) , r e g a r d l e s s o f rainfal l . A l t h o u g h t h e in t e r ac t ion o f p l a n t i n g s y s t e m w i t h
N a p p l i c a t i o n w a s nons ign i f ican t , r e s p o n s e to N w a s g rea te r w i t h t h e p a i r e d - r o w
p l a n t i n g . In a g o o d rainfal l s e a s o n , t h e r e s p o n s e p e r kg a p p l i e d N w a s h i g h e r t h a n
in a s e a s o n w i t h rainfal l b e l o w n o r m a l .
A l t h o u g h N w a s a p p l i e d to t h e p r i n c i p a l c r o p , p e a r l mil le t , i t r e d u c e d t h e y ie ld
o f t h e l e g u m e c o m p o n e n t in t h e s y s t e m . Inc reas ing N a p p l i c a t i o n to t h e p r inc ipa l
c r o p s t ead i ly r e d u c e d t h e y ie ld o f m u n g b e a n , i r r e spec t ive o f r a i n f a l l . P e r h a p s a t
h i g h e r N leve l s i n c r e a s e d v e g e t a t i v e g r o w t h o f pea r l mi l le t s u p p r e s s e d t h e
g r o w t h o f t h e i n t e r c r o p .
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S u s t a i n a b l e Yield Index in Relat ion to N i t r o g e n
S u s t a i n a b l e y i e l d i n d e x (SYI) h e l p s i n iden t i fy ing t h e t r e a t m e n t t ha t g ives t h e
m a x i m u m s u s t a i n a b l e y ie ld u n d e r a r i d cond i t i ons . T h e SYI i s c o m p u t e d a s
fo l lows:
w h e r e Y i s t h e m e a n y ie ld o f c r o p s o v e r y e a r s , i s t he s t a n d a r d dev i a t i on , a n d
Y m a x i s t h e m a x i m u m y ie ld o b t a i n e d .
T h e a s s e s s m e n t o f v a r i o u s c r o p p i n g s y s t e m s ( so le -c ropping , i n t e r c r o p p i n g ,
etc.) in r e l a t i o n to N a p p l i c a t i o n s h o w e d t h a t i nc rea s ing N a p p l i c a t i o n i nc r ea sed
t h e sus t a inab i l i t y o f b o t h so le -c rop a n d i n t e r c r o p s y s t e m s (Table 8). A p p l i c a t i o n o f
90 kg ha - 1 N g a v e t h e h i g h e s t SYI (0.31) w i t h p a i r e d - r o w ( 3 0 / 7 0 c m ) i n t e r c r o p p i n g .
T h i s s u g g e s t s t h a t a t leas t 3 1 % o f t h e m a x i m u m o b s e r v e d y ie ld o v e r y e a r s i s
a s s u r e d w i t h h i g h p robab i l i t y i n th i s s y s t e m , c o m p a r e d w i t h 2 3 % i n t h e s a m e
s y s t e m w i t h o u t N app l i ca t i on .
Table 8 . Effect o f n i t r o g e n appl icat ion (kg ha
- 1
) on sus ta inab le y i e l d i n d e x of
three c r o p p i n g s y s t e m s in t h e Ind ian arid z o n e .
C r o p p i n g
s y s t e m
Sus t a inab le y ie ld i n d e x at N level of
0 30 60 90
I n t e r c r o p
(pa i r ed r o w s 3 0 / 7 0 c m )
I n t e r c r o p
(a l t e rna te r o w s 1:1)
So le -c rop p e a r l mi l l e t
0.23
0.24
0.09
0.24
0.22
0.13
0.27
0.23
0.16
0.31
0.26
0.17
N u t r i e n t M a n a g e m e n t i n Cerea l -Legume Rotat ions
C r o p r o t a t i o n o c c u p i e s a n i m p o r t a n t p l ace i n c o n s e r v a t i o n f a rming . A c r o p
s e q u e n c e t h a t r e d u c e s loss o f soil a n d g ives g o o d r e t u r n s p e r u n i t a rea i s s u i t a b l e
for a d o p t i o n i n a r i d a r ea s . G r o w i n g t h e s a m e c r o p c o n t i n u o u s l y o n t h e s a m e p i e c e
o f l a n d m a y h a v e a d v e r s e effects on soil fertility, b e c a u s e i t c o n t i n u o u s l y d e p l e t e s
n u t r i e n t s f rom a p a r t i c u l a r d e p t h . A d v e r s e effects o f s u c h s y s t e m s h a v e b e e n
o b s e r v e d e v e n u n d e r g o o d soil fertil i ty m a n a g e m e n t
In a c o n t i n u o u s p e a r l mi l le t s y s t e m , g r a i n yie ld w a s a b o u t 6 2 % l o w e r t h a n in a 
m u n g b e a n - p e a r l mi l l e t r o t a t i o n ( M a n n a n d S i n g h 1977). I n t r ad i t i ona l c r o p p i n g ,
p e a r l mi l l e t i s e i t he r g r o w n after fa l low in a 2-year r o t a t i o n o r s o l e - c r o p p e d e v e r y
year . O f t h e s i ng l e - c rop s y s t e m s s t u d i e d , t h e p e a r l millet--fallow r o t a t i o n p r o v e d
t h e m o s t r e m u n e r a t i v e , i n b o t h y ie ld a n d m o n e t a r y r e t u r n s (S ingh 1980).
A m o n g d o u b l e - c r o p s y s t e m s , c lus te r b e a n - p e a r l mi l le t g a v e t h e h i g h e s t r e t u r n s
p e r u n i t a rea . Resu l t s o f a l o n g t e r m s t u d y (S ingh e t a l . 1985) a l so s u p p o r t th i s
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ro t a t i on , i n w h i c h p e a r l mi l le t y ie ld w a s 1 1 % h i g h e r t h a n i n a c o n t i n u o u s p e a r l
mi l le t s y s t e m . T h e c e r e a l - l e g u m e r o t a t i o n a lso inc reased soil o rgan i c c a r b o n b y u p
t o 12% a n d ava i l ab l e soil p h o s p h o r u s b y u p t o 2 5 % .
S t u d i e s o n n u t r i e n t r e q u i r e m e n t s o f c r o p s e q u e n c e s s h o w e d tha t w h e n 17.5 k g
P w a s a p p l i e d t o m u n g b e a n , p e a r l mi l le t g r o w n i n t he nex t s e a s o n y i e lded 2 0 0 -
500 kg ha - 1 m o r e w i t h a d d e d N (20 kg ha - 1 ) a n d 2 0 0 - 3 5 0 kg ha - 1 m o r e w i t h o u t N 
(S ingh e t a l 1981). T h e P c a n a l so be a p p l i e d o n c e in 2 yea r s to t he l e g u m e for
s u s t a i n e d p e a r l mi l l e t p r o d u c t i o n (S ingh e t al . 1985). For a pea r l m i l l e t -whea t
r o t a t i o n , S i n g h (1985) s u g g e s t e d t h a t i t w a s n o t neces sa ry to a p p l y FYM or P to
b o t h c r o p s . A s i ng l e a p p l i c a t i o n of 26 kg P ha - 1 p l u s 120 kg N ha - 1 to w h e a t a n d
o n l y 60 kg N ha - 1 t o p e a r l mi l le t i n t h e ro t a t i on w a s e n o u g h to g ive g o o d g r a i n
y i e l d s a n d m a i n t a i n soi l o r g a n i c m a t t e r a t a de s i r ab l e level .
T h e ro le o f l e g u m e s in s tab i l i z ing t h e y ie ld o f cereals g r o w n in s e q u e n c e o r
r o t a t i o n i s w e l l k n o w n . In a l o n g t e r m s tudy , cu l t i va t ion o f m u n g b e a n in ro t a t i on
w i t h p e a r l mi l le t s u p p l i e d w i t h 20 kg N ha - 1 g a v e y i e lds s imi la r to t hose o b t a i n e d
w i t h 40 kg N ha - 1 ; t h a t is , t h e l e g u m e s u p p l i e d t h e e q u i v a l e n t of 20 kg ha - 1 N to t h e
fo l lowing mi l l e t c r o p (S ingh e t a l 1981). H o w e v e r , different g r a i n l e g u m e s h a v e
different effects. Fo r i n s t ance , S i n g h e t al . (1985) f o u n d c lus ter b e a n benef i ted
s u c c e e d i n g p e a r l mi l le t m o r e t h a n e i the r m o t h b e a n o r m u n g bean . T h e re la t ive
benef ic ia l effect o f l e g u m e s d e p e n d s on the a m o u n t a n d qua l i ty o f c r o p r e s idues
a d d e d to soil a n d i s r e l a t ed m o r e to h y d r o l y z a b l e N H 4 - N t h a n to to ta l N (Table 9).
T h u s c lus te r b e a n , a l t h o u g h a l o w N-fixer, benef i ts t h e s u c c e e d i n g pea r l mi l le t
m o r e t h a n d o t h e o t h e r t w o l e g u m e s (Kathju e t al . 1987).
Table 9 . C h a n g e s in n i t rogen status of so i l after cul t ivat ion of l e g u m e s for 3 
years a t t w o l e v e l s o f p h o s p h o r u s appl icat ion in the Ind ian arid z o n e .
P2O5
( k g h a - 1 )
N 2 f i x e d
( k g ha - 1 )
Inc rease in
to ta l N o v e r
ini t ia l s t a t u s
(%)
N O 3 - N a n d
N H 4 - N
( m g kg - 1 )
H y d r o l y z a b l e
a n d N H 4 - N
(kg ha - 1 )
M u n g b e a n
0 131.6 9.5 32.0 39.2
40 273.0 34.0 35.7 85.8
M o t h b e a n
0 84.6 4.7 35.8 43.1
40 247.5 34.0 44.8 95.8
C l u s t e r b e a n
0 75.6 8.3 47.0 81.4
40 145.7 19.4 48.2 105.8
Ini t ia l s t a t u s - - 15.7 11.7
Source: Kathju et al. (1987).
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Bio log ica l N i t r o g e n Fixation
In a r i d a r ea s w h e r e little N ferti l izer is a p p l i e d to c rops , the role of v a r i o u s
N-f ix ing bac te r ia in i m p r o v i n g the soil N s t a tu s offers cons ide rab le po ten t i a l .
Since t h e ident i f ica t ion of Azospirillum brasilense as an N-f ixing b a c t e r i u m for
cereals , t he re h a s b e e n m u c h in teres t in this o r g a n i s m a n d the N e c o n o m y of pea r l
mil le t . U s e of b io logica l sou rces of N is a poss ib le m e t h o d of inc reas ing mil le t
p r o d u c t i o n , espec ia l ly w h e n app l i ca t i on of chemica l ferti l izers i s r i sky (Joshi a n d
Pan jab S i n g h 1981).
An inocu l a t ed c r o p m a y yield up to 39% m o r e t h a n a n o n i n o c u l a t e d o n e (Fig.
5). R e s p o n s e w a s be t te r in a s ea son w i t h an e v e n d i s t r i bu t ion of rainfall t h a n in
o n e w i t h e r ra t ic d i s t r i bu t ion . Root d r y w e i g h t o f pea r l mi l le t inc reased
signif icant ly w i t h inocu la t ion ; th is h a s b e e n a t t r i bu t ed to the p r o d u c t i o n of
v a r i o u s g r o w t h - r e g u l a t i n g s u b s t a n c e s , s u c h a s i ndo le s , g ibberel l ins , a n d
cy tok in in s by A. brasilense (Venka teswar lu a n d Rao 1983).
Figure 5. Response of pearl millet to A z o s p i r i l l u m bras i l ense inoculation in the arid 
zone, Rajasthan, India. A=0 kg N; B=13 kg N; C=20 kg N; D=40 kg N ha
-1
.
T h e re su l t s (Fig. 5) i nd ica t e t ha t i nocu la t i on w i t h A. brasilense cou ld c o n t r i b u t e
t h e e q u i v a l e n t of 13 kg ha - 1 N to the c r o p r e q u i r e m e n t : p e a r l mi l le t y ie ld o b t a i n e d
w i t h t h e a p p l i c a t i o n of 13 kg ha - 1 N (716 kg ha - 1) w a s s imi la r to tha t w i t h
i n o c u l a t i o n a l o n e (718 kg ha - 1 ) . T h e i nocu l a t i on effect d e c r e a s e d w i t h the inc rease
in N a p p l i c a t i o n , a n d a t 40 kg N ha - 1 , t h e i nocu l a t i on c e a s e d to inc rease g r a i n
y ie ld (Joshi a n d R a o 1989). Th i s cou ld be d u e to inh ib i t ion of t he N 2 - a s e ac t iv i ty of
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A. brasilense at s u c h N r a t e s (Rao a n d V e n k a t e s w a r l u 1982). T h u s N fertilizer,
b e y o n d a t h r e s h o l d c o n c e n t r a t i o n , inh ib i t s t h e ac t iv i ty of Azospirillum a n d its
benef ic ia l effects.
A l t h o u g h t h e a m o u n t o f N c o n t r i b u t e d by th i s b a c t e r i u m (13 kg N ha - 1 ) m a y
a p p e a r low, i t i s s ignif icant u n d e r a r i d c o n d i t i o n s , w h e r e f a rmer s ' inabi l i ty t o u s e
p u r c h a s e d i n p u t s i s a major co ns t r a in t to i nc reas ing f a rm o u t p u t (Joshi e t al . 1984).
The re fo re t h e u s e of Azospirillum i n o c u l a t i o n as a b iological N s o u r c e c o u l d be
a d v o c a t e d .
C o n c l u s i o n s
T h e fert i l izer m a n a g e m e n t s t u d i e s h i t h e r t o c o n d u c t e d o n so le p e a r l mi l le t a n d
c e r e a l - l e g u m e s y s t e m s h a v e g e n e r a t e d v a l u a b l e i n fo rma t ion . I t c a n b e c o n c l u d e d
t h a t p e a r l mi l l e t r e s p o n d s f avorab ly to a p p l i c a t i o n of N in m o s t rainfal l s i t ua t i ons ,
e x c e p t i n s e a s o n s o f e x t r e m e l y l o w rainfal l , w h e r e t h e r e i s t e r m i n a l d r o u g h t . Spli t
a p p l i c a t i o n m a y be beneficial , a n d t h e p a r t o f N e a r m a r k e d for t o p d r e s s i n g
s h o u l d be w i t h h e l d i f d r o u g h t s a r e a n t i c i p a t e d in t he la ter p a r t o f the c r o p season .
M a n i p u l a t i o n o f p l a n t i n g g e o m e t r y m a y a l so h e l p i m p r o v e r e s p o n s e t o a p p l i e d N .
T h e p e a r l m i l l e t / l e g u m e i n t e r c r o p p i n g s y s t e m a l so r e s p o n d s t o a p p l i c a t i o n o f N .
H o w e v e r , t h e y ie ld o f t h e l e g u m e c o m p o n e n t dec l ines w i t h inc reas ing N levels ;
t h u s N i n p u t s s h o u l d be k e p t a t a l o w level . T h e poss ib i l i ty of assoc ia t ive
b io log ica l N f ixat ion in p e a r l mi l le t c o u l d be fu r ther exp lo red a n d i n t e g r a t e d i n to
t h e N m a n a g e m e n t s c h e d u l e . A p p l i c a t i o n o f FYM a n d o rgan i c m a n u r e s s h o u l d
f ind a p l a c e in p e a r l mi l le t cu l t i va t i on to m a i n t a i n l o n g t e r m p r o d u c t i v i t y a n d
i m p r o v e soi l p h y s i c a l c o n d i t i o n s . I n t e g r a t e d fert i l izer m a n a g e m e n t s h o u l d b e
a d o p t e d , w h e r e p h o s p h a t i c fert i l izer i s a p p l i e d o n l y t o l e g u m e s i n pea r l mil let-
l e g u m e r o t a t i o n s a n d t o w h e a t i n a d o u b l e cereal ro ta t ion . S u c h p rac t i ces w o u l d
n o t o n l y h e l p s a v e fert i l izer b u t w o u l d a l so e n s u r e be t te r fer t i l izer-use efficiency
T h e benef ic ia l effects o f m i c r o n u t r i e n t s a r e p a r t i c u l a r l y e v i d e n t i n d r o u g h t y e a r s
a n d , the re fore , m a y h e l p t o r e d u c e t h e r i sk o f c r o p fai lures.
Future Research N e e d s
A r a b l e c r o p p i n g in t h e a r i d z o n e b e i n g essen t ia l ly o f a subs i s t ence n a t u r e , s t u d i e s
o n n u t r i e n t m a n a g e m e n t , espec ia l ly w i t h r e spec t t o different c r o p p i n g p a t t e r n s ,
h a v e b e e n m i n i m a l . A l a rge k n o w l e d g e g a p exis ts i n th is a rea . S o m e b r o a d
r e s e a r c h n e e d s , w i t h spec ia l re fe rence t o n u t r i e n t m a n a g e m e n t i n a r id a reas , a re
o u t l i n e d he re :
• Specific n u t r i e n t def ic iencies in different p a r t s o f t h e a r i d z o n e n e e d to be
iden t i f i ed , a l o n g w i t h o t h e r cons t r a in t s , a n d y ie ld levels t ha t c a n b e s u s t a i n e d
b y n a t i v e n u t r i e n t s u p p l y s y s t e m s d e t e r m i n e d i n r e l a t ion t o soil p h y s i c a l a n d
c h e m i c a l charac te r i s t i c s .
• Specific s t u d i e s t o w o r k o u t i n t e g r a t e d n u t r i e n t r e q u i r e m e n t s o f different
c r o p p i n g p a t t e r n s on a s u b z o n a l b a s i s w o u l d p r o v i d e a b a s e for efficient
m a n a g e m e n t o f t h e s y s t e m s .
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• S t r a t eg ie s n e e d to be w o r k e d o u t for h a r n e s s i n g biological N f ixa t ion in cerea ls
a n d i t s i n t e g r a t i o n w i t h a d e q u a t e s u p p l i e s o f o t h e r n u t r i e n t s for different
c r o p p i n g s y s t e m s . S u c h s t u d i e s s h o u l d be a i m e d a t t he N e c o n o m y o f so le a n d
i n t e r c r o p p i n g o r m i x e d c r o p p i n g s y s t e m s .
• Fer t i l izer u s e in a r i d a r e a s wi l l h a v e to be assoc ia ted w i t h careful m a n a g e m e n t
o f o r g a n i c m a n u r e s . S t u d i e s a r e n e e d e d n o t o n l y o n the a g r o n o m i c v a l u e o f
F Y M a n d r e s i d u e m a n a g e m e n t b u t a l so o n t h e n e t avai labi l i ty o f th i s r e sou rce .
S u c h s t u d i e s s h o u l d i n c l u d e ana lys i s o f t h e ro le o f o rgan i c m a n u r e s i n
e l i m i n a t i n g ex i s t i ng def ic iencies o f Zn a n d S in specific a r i d a r eas , i m p r o v i n g
efficiency o f o r g a n i c m a n u r e s , a n d s c h e d u l i n g a p p l i c a t i o n in t e rva l s t o i m p r o v e
p r o d u c t i v i t y o f s a n d y soi ls .
• Va l ida t ed m o d e l s s ens i t i ve to m a n a g e m e n t p rac t i ces a r e n e e d e d to i m p r o v e
p r e d i c t i o n o f p l a n t n u t r i e n t r e q u i r e m e n t s a n d soil ferti l i ty m a n a g e m e n t ,
m a n u r e s , a n d soil o r g a n i c m a t t e r d y n a m i c s i n c r o p p i n g s e q u e n c e s .
• Bes ides v a r i o u s m e a s u r e s to i nc r ea se t h e p r o d u c t i v i t y levels of ra infed c r o p s in
t h e a r i d r eg ion , efforts a r e a l so n e e d e d t o inc rease t h e c r o p p i n g in t ens i ty i n
r a in fed a reas , w h e r e gene ra l l y a s ing le c r o p i s t a k e n d u r i n g t h e year . C r o p p i n g
in tens i t i e s c o u l d b e i n c r e a s e d b y i n t e r c r o p p i n g (i.e., g r o w i n g m o r e t h a n o n e
c r o p t o g e t h e r i n r e g u l a r l y s p a c e d r o w s ) . T h e r o w ra t io c o u l d v a r y b e t w e e n t h e
b a s e c r o p a n d t h e c o m p a n i o n c r o p s a n d , i f i n t e g r a t e d n u t r i e n t m a n a g e m e n t i s
w o r k e d o u t , i t w o u l d b e pos s ib l e t o i m p r o v e p r o d u c t i v i t y a n d sus ta inab i l i ty i n
t h e a r i d z o n e . S u c h s t u d i e s s h o u l d a l so i n c l u d e (1) t h e p a t h w a y s of N losses
f rom c e r e a l - l e g u m e i n t e r c r o p p i n g s y s t e m s to m a x i m i z e N u s e a n d r e d u c e
w a s t a g e of an e x p e n s i v e i n p u t ; (2) t h e a m o u n t s of fixed N in b e l o w - g r o u n d
p a r t s o f c o m p o n e n t c r o p s to p e r m i t a c c u r a t e e s t i m a t e s o f N b a l a n c e s in c e r e a l /
l e g u m e i n t e r c r o p p i n g s y s t e m s ; (3) m e t h o d s o f i m p r o v i n g t h e p r o d u c t i o n
efficiency o f c e r e a l / l e g u m e i n t e r c r o p p i n g s y s t e m s by g iv ing h i g h p r io r i t y t o
m a i n t a i n i n g t h e l e g u m e c o m p o n e n t . Th i s c o u l d b e a c h i e v e d t h r o u g h
m a n i p u l a t i o n o f t h e in te r - a n d i n t r a - r o w s p a c e s o f t he tal ler a s soc ia ted cereal ,
w h i c h w o u l d a l so m i n i m i z e in t e r spec ies c o m p e t i t i o n .
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Nitrogen in Arid Soils: Availability and Integrated
Management for Increased Pearl Millet Production
Praveen-Kumar and R K Aggarwal
1
Abstract
The status of nitrogen in arid soils is generally low (0.021-0.056%), with amino acid-N 
and NO3-N the predominant organic and inorganic fractions. The content of NO3-N
fluctuates seasonally, with surface accumulation during the summer and at lower depths 
during the rainy season. Nitrogen deficiency generally limits pearl millet yield. This 
deficiency can be corrected with fertilizer, but because of low fertilizer-use efficiency and 
lack of residual effect, the application of fertilizer considerably increases risk. Split 
application of fertilizers is the first step towards reducing risk. Other steps include (1) 
avoiding basal application of fertilizer to pearl millet if a legume has been grown in the 
preceding year; (2) use of farmyard manure and crop residues in conjunction with 
fertilizer N; and (3) incorporation of legumes in the cropping system. Growing of 
legumes alters the content of different fractions of organic N, promoting better pearl 
millet growth. Farmyard manure and crop residues also improve soil quality, albeit 
slowly.
Introduct ion
I n a r id r e g i o n s , l imi ted w a t e r r e sou rce s a n d l o w c r o p p r o d u c t i v i t y h a v e
d i s c o u r a g e d t h e w i d e s p r e a d u s e o f n i t r o g e n o u s fert i l izers , a l t h o u g h m o s t a r i d
soi ls a r e def ic ient in N (Table 1). H o w e v e r , w i t h t h e eve r - inc reas ing d e m a n d for
food, p r o d u c t i o n leve ls i n t h e a r i d r e g i o n s m u s t b e inc reased . T h e i n t r o d u c t i o n o f
i m p r o v e d c r o p va r i e t i e s t h a t a r e r e s p o n s i v e t o be t t e r m a n a g e m e n t h a s m a d e N 
a p p l i c a t i o n a p r e r e q u i s i t e to a c h i e v i n g g o o d c r o p y i e lds a n d s u s t a i n a b l e soil
p roduc t i v i t y .
S o i l s
Soils o f t h e a r i d a r e a s o f Ra ja s than h a v e b e e n classified in to 17 major se r i e s
(Table 1). T h e y a r e g e n e r a l l y s a n d y i n t ex tu re , p o o r l y s t r u c t u r e d , a n d m o d e r a t e l y
a lka l ine . The i r p r o d u c t i v i t y p o t e n t i a l r a n g e s f rom l o w t o m e d i u m . The i r o r g a n i c
1. Department of Soil Fertility, Central Arid Zone Research Institute (CAZRI), Jodhpur 342 003, Rajasthan, India.
Praveen-Kumar and Aggarwal, R.K. 1997. Nitrogen in arid soils: availability and integrated management for
increased pearl millet production. Pages 25-42 in From research station to farmer's field: nutrient management
research for millet-based cropping systems of western Rajasthan; proceedings of a planning workshop, 20-22 May
1996, Jodhpur, India (Seeling, B., and Joshi, N.L., eds.). Patancheru 502 324, Andhra Pradesh, India: International
Crops Research Institute for the Semi-Arid Tropics and Jodhpur 342 003, Rajasthan, India: Central Arid Zone
Research Institute.
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Table 1 . Major s o i l ser ies of the Indian arid region.
Surface characteristics1
LCS2 pp3
Area4
('000
ha)
Series/FAO
classification Texture Structure pH
OC
(%)
Total
N ( % )
Chandawal
Eutric Cambisols fsl sbk 8.3 0.10 0.028 HI M 61.7
Chirai
Calcaric Cambisols lfs,fsl sbk 8.0 0.11 0.035 VI L-M eank
Dhaber
Haplic Calcisols sl sbk 8.1 0.12 0.032 III H 41.6
Dune
Eutric Arenosols s sg 8.4 0.08 0.021 VIII L 4283.3
Gajsinghpura
Eutric Cambisols sicl sbk 8.3 0.30 0.049 III M 98.7
Jadan
Eutric Cambisols l,cl sbk 8.3 0.54 0.063 III M 392.0
Jaitaran
Haplic Arenosols/
Eutric Cambisols sl sbk 8.5 0.40 0.051 III M eank
Kolu
Petric Calcisols ls,sl sg 8.2 0.18 0.042 IV L eank
Masitawali
Eutric Fluvisols fsl gr 8.0 0.16 0.044 IV M eank
Molasar
Eutric Arenosols ls sg 7.9 0.12 0.032 IV L 654.8
Pal
Eutric Cambisols sl sbk, gr 8.4 0.22 0.042 IV L 136.9
Pali
Calcaric Cambisols 1 gr 8.1 0.37 0.056 IV M 58.3
Panchroli
Calcaric Cambisols ls sbk 8.2 0.29 0.031 IV L 99.9
Parbatsar
Eutric Cambisols sl sbk 7.4 0.22 0.034 IV M 99.7
Pipar
Calcaric Cambisols sl sbk 8.1 0.23 0.029 IV L-M 127.0
Shobhasar
Eutric Cambisols s sg 8.5 0.08 0.016 III M eank
Thar
Eutric Arenosols ls sg 8.0 0.10 0.021 Vic L-M eank
1. Texture: s = sand; ls = loamy sand; lfs = loamy fine sand; sl = sandy loam; 1 = loam; fsl - fine sandy loam; cl = clay
loam; sicl = silty d a y loam. Structure: sbk = subangular blocky; gr = medium granular; sg = single grain OC = 
organic carbon.
2. LCS = land capability subclass.
3. PP = productivity potential: L = low; M = medium; H = high.
4. eank = extensive but exact area not known.
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m a t t e r con ten t i s low, a n d t hey a re often deficient in N. P h o s p h o r u s i s genera l ly in
t h e r a n g e o f m e d i u m to a d e q u a t e ; p o t a s h a n d avai lable mic ronu t r i en t s often
a d e q u a t e .
Content and form of nitrogen in soils of the arid zone
T h e con ten t of organic ca rbon a n d total N in a r id -zone soils w a s repor ted to be low;
C r a n g e d from 0.16-0.34%, a n d N from 0.021-0.056% in surface soils, decreas ing
w i t h d e p t h (Joshi 1993). A g g a r w a l et al. (1977, 1990) repor ted that the major pa r t of
N in t he Ar id iso ls of Rajasthan w a s in the organic form, of w h i c h ac id-hydrolyzable
N cons t i tu ted a b o u t 62-87%. The different N fractions w e r e d is t r ibu ted in the order
a m i n o acid >unident i f ied N >ammoniaca l N >hexosamine N. The content of
different fractions var ies a m o n g different soil series (Fig. l a ) . In compara t ive ly fine-
tex tured soils, the a m i n o acid a n d hexosamine fractions cont r ibu ted m o r e to total
hyd ro lyzab le N t h a n the unident i f ied fractions d id (Fig. l a ) . A l t h o u g h the absolu te
a m o u n t of the hydro lyzab le fraction decreased wi th d e p t h , w h e n expressed as a 
pe rcen tage of total N, i t genera l ly fol lowed the oppos i te t rend.
Figure 1. Changes in organic fractions of nitrogen (% of total hydrolyzable-N) in arid 
soils: A. Effect of soil texture. B. Effect of pearl millet or cluster bean cultivation for 3 
years. (Source: Aggarwal et al. 1975, 1990; Praveen-Kumar et al. 1996a.) 
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C r o p s a lso inf luence the d i s t r i b u t i o n of N fractions: l e g u m e cu l t iva t ion resul t s
in a h i g h e r c o n t r i b u t i o n of a m i n o acid a n d h e x o s a m i n e N to t he total h y d r o l y z -
ab le poo l , w h i l e cereal cu l t iva t ion resu l t s in the o p p o s i t e t r end (Fig. l b ) . T h e level
a n d d i s t r i b u t i o n of N O 3 - N in t he soil profile i s subject to seasona l f luc tuat ions ,
a n d t h e Birch effect i s c o m m o n l y obse rved . In J o d h p u r , the concen t ra t ion of N O 3 -
N in t h e u p p e r layer of soil i nc reased from near ly 3 mg kg - 1 in w in t e r to 5 mg kg - 1
i n s u m m e r (CAZRI 1990). F luc tua t ions in t he concen t ra t ion in the lower d e p t h s
w e r e m i n i m a l u n t i l t h e r a iny season .
T h e v e g e t a t i o n con t a in s on ly 5-10% of total N found in the a r id ecosys tem, b u t
e v e n in s u c h a sma l l quan t i ty , biot ic N can r e m a r k a b l y inf luence the ho r i zon ta l
a n d ver t ica l d i s t r i b u t i o n of N in a r id soils (West a n d K l e m m e d s o n 1978). F igure 2 
s h o w s a typical ver t ica l d i s t r i bu t ion p a t t e r n of N b e n e a t h a m e s q u i t e (Prosopis) 
Relative canopy d is tance
Figure 2. Total soil nitrogen (%) beneath an average-size mesquite (Prosopis) canopy. 
(Source: West and Klemmedson 1978.) 
canopy, w h e r e N is s h o w n to be concen t ra ted in the u p p e r pa r t of the profile. This
p a t t e r n i s expec ted to be m o s t p r o n o u n c e d w h e r e the vege ta t ion has a h i g h
shoot : root ra t io . H o r i z o n t a l pa t t e rn s are s t r ik ing in deser t s i tua t ions w h e r e
scat tered vege t a t i on resu l t s in " i s l ands of ferti l i ty" (Garcia-Moya a n d McKell 1970).
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T h e s e p a t t e r n s resu l t largely from p lan t s abso rb ing nu t r i en t s from lower soil
d e p t h s a n d r e d i s p o s i n g t h e m as m u l c h on the soil surface. D e c o m p o s i t i o n i s
e n h a n c e d by the m o d e r a t e t e m p e r a t u r e a n d increased re ten t ion o f m o i s t u r e
u n d e r the s h a d e o f t rees a n d s h r u b s . A g g a r w a l a n d P r a v e e n - K u m a r (1990) a n d
A g g a r w a l e t al. (1993) h a v e r e p o r t e d h ighe r fertility s t a tus of soils u n d e r n e a t h
Prosopis cineraria t h a n in t he adjacent o p e n soils (Table 2).
Table 2. Chemica l characteristics of surface so i l s (0-15 cm) b e l o w Prosopis 
cineraria canopy and soi l a w a y from canopy.
Charac te r i s t i c Soil b e l o w c a n o p y Adjacent o p e n soil
p H 8.0 8.2
O M (%) 0.57 0.37
N ( % ) 0.038 0.020
S ( % ) 0.028 0.016
P ( % ) 0.038 0.028
Avai lab le n u t r i e n t s (kg ha - 1 )
N 250.0 190.0
P 22.4 7.7
K 633.0 370.0
Source: Aggarwal et al. (1993).
Nitrogen input in an arid ecosystem
E c o s y s t e m s in a r id r eg ions d e p e n d to a great extent on N i n p u t s from the
a t m o s p h e r e to c o m p e n s a t e for the losses of N from the soi l -plant sys tem. T h e
m o s t i m p o r t a n t m e c h a n i s m s of a t m o s p h e r i c N i n p u t a re N depos i t i on t h r o u g h
prec ip i t a t ion a n d biological N 2 fixation.
Precipitat ion. West (1975) e s t i m a t e d tha t t he N d e p o s i t i o n in the a r id reg ions
w o r l d w i d e w a s 12.5 kg ha - 1 year - 1 . N i t r o g e n d e p o s i t i o n in ar id a reas of the USA
h a s b e e n r e p o r t e d to be genera l ly <5 kg ha - 1 y e a r - 1 (Vlek 1981). A g g a r w a l e t al.
(1982) r e p o r t e d tha t N d e p o s i t i o n as p rec ip i t a t ion r a n g e d from 5.47 to 10.06 kg
ha - 1 y e a r - 1 in t he a r id r eg ions of India . In Israel, rainfall ha s b e e n r epor t ed to
c o n t r i b u t e 4-20 kg N ha - 1 y e a r - 1 (Yaalon 1964).
Biological N 2 f i xa t ion . L e g u m i n o u s p lan t s are the mos t i m p o r t a n t N-fixers i n the
ar id reg ion , a n d the N con t r ibu t ions from mic roo rgan i sms such as Azotobacter (0.3
kg ha - 1 year - 1 ) a n d Clostridium (0.1-0.5 kg ha - 1 year - 1) , p l an t algal associat ions s u c h
as Azolla, Gunnera, a n d l ichens are smal l . Of the total of 135x l0 9 kg N r e tu rned to
ea r th each year t h r o u g h biological N 2 fixation, abou t 65% ( 8 9 x l 0
9 kg) i s
con t r ibu t ed by n o d u l a t e d l e g u m e s (Stevenson 1986). West (1975) es t imated that the
N con t r ibu t ion of biological N2-fixers in the ar id z o n e w a s near ly 3.6 kg ha
- 1 year - 1 .
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T r a n s f o r m a t i o n s o f n i t r o g e n
Ammoni f icat ion . Ammoni f i ca t i on of o rgan ic N in soil is affected by severa l
factors, m a n y of w h i c h a re re la ted to biological activity. The m i n i m u m
t e m p e r a t u r e l imit for ammoni f i ca t i on is genera l ly a r o u n d freezing (Stanford et al.
1973) a n d the m a x i m u m , a b o u t 50° C (Myers 1975). Stanford a n d Eps te in (1974)
s u g g e s t e d tha t the effect of t e m p e r a t u r e on ammoni f i ca t ion i s genera l ly un i fo rm
a m o n g soils. O p t i m u m w a t e r po ten t i a l for ammoni f i ca t ion i s 10-50 kPa (Stanford
a n d Eps te in 1974), a n d t h e p rocess v i r tua l ly s t o p s a t t he p e r m a n e n t wi l t i ng p o i n t
(1.5 M P a ) (Robinson 1957). H o w e v e r , Mil ler a n d J o h n s o n (1964) a n d R e i c h m a n et
al . (1966) found tha t ammoni f i ca t i on p r o c e e d s at ma t r i c suc t ion exceed ing 1.5
M P a . K o w a l e n k o a n d C a m e r o n (1976) d e m o n s t r a t e d the i m p o r t a n c e of a ra t io of
t e m p e r a t u r e : w a t e r con ten t i n quan t i fy ing microbia l ly m e d i a t e d ammoni f i ca t ion .
In the a r i d - z o n e soils of India , a favorable ra t io is o b s e r v e d m a i n l y after r a ins a n d
resu l t s in a s u d d e n b u r s t o f minera l i za t ion . Ordinar i ly , the a m m o n i u m t h u s
f o r m e d is c o n v e r t e d to n i t ra te . H o w e v e r , in t he re la t ively a lkal ine soils of the a r id
reg ion , a s u b s t a n t i a l p a r t of N H 4 - N is conve r t ed to a m m o n i a a n d escapes to the
a t m o s p h e r e , b e c a u s e nitr if icat ion s ta r t s after a l ong delay.
Nitrif ication. T h e p o p u l a t i o n of nitrifiers i s genera l ly l o w in a r id soils. S ims a n d
Col l ins (1960) r e p o r t e d the m a x i m u m n u m b e r of nitrifiers to be 800 g - 1 in an ar id
A u s t r a l i a n soil . In cont ras t , t he n u m b e r in cu l t iva ted soils m a y reach mi l l ions pe r
g r a m ( A l e x a n d e r 1961). Skujins a n d F u l g h a m (1978) r epor t ed tha t the nitr if ication
po ten t i a l o f a r id soil dec r ea sed w i t h d e p t h a n d b e c a m e zero in the layers no t
r e a c h e d by p rec ip i t a t ion . A l e x a n d e r (1961) found seasonal va r i a t ion in the
p o p u l a t i o n o f nitr if iers, t he larges t n u m b e r b e i n g found in the w a r m ra iny season .
T h e Nitrosomonas p o p u l a t i o n genera l ly r e m a i n e d m o r e s table t h a n tha t of
Nitrobacter.
T h e o p t i m u m t e m p e r a t u r e for ni tr if icat ion in soil i s 25-35° C. T h e ra te of
ni t r i f icat ion d r o p s r a p i d l y b e l o w 15° C to a l m o s t zero at 0° C (Alexander 1965).
T h e o p t i m u m soil w a t e r po ten t i a l s for ni tr if icat ion a re ve ry close to t hose for
ammoni f i ca t i on . Nitr i f iers a lso exhibi t a r e m a r k a b l e abil i ty to s u r v i v e des icca t ion
( A l e x a n d e r 1965). K o w a l e n k o a n d C a m e r o n (1976) d e m o n s t r a t e d the exis tence of
a t e m p e r a t u r e x w a t e r con ten t in te rac t ion on nitr if icat ion in soils subjected to a 
r a n g e o f m e s o p h y l l i c t e m p e r a t u r e s a n d w a t e r po ten t i a l s a b o v e -1.5 M P a .
Denitrif icat ion. F e w deni t r i f ica t ion s t u d i e s h a v e b e e n m a d e o n a r id l a n d s ,
poss ib ly b e c a u s e of the gene ra l n o t i o n tha t anaerob ios i s i s r a re in these soils.
H o w e v e r , i t w a s r ecogn ized t w o d e c a d e s a g o tha t u n d e r field cond i t ions , p o o r O 2
s u p p l y to soil a g g r e g a t e s cou ld resul t in local ized anaerob ios i s a n d deni t r i f icat ion
( D o w d e l l a n d S m i t h 1974; Virginia e t al. 1982). Such a s i tua t ion in a r id soils m a y
d e v e l o p after h e a v y rainfall . H i g h act iv i ty o f deni t r i fy ing e n z y m e s a n d
c o n s i d e r a b l e deni t r i f ica t ion losses h a v e b e e n s h o w n by Peter john (1991) in dese r t
soils . P r a v e e n - K u m a r a n d U d a y B u r m a n (1996) h a v e also r e p o r t e d cons ide rab le
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act iv i ty of the deni t r i fy ing e n z y m e , n i t ra te r educ tase , in I n d i a n a r id soils. T h e
act iv i ty o f den i t r i fy ing e n z y m e s w a s m a n y t imes h ighe r in the rh i zosphe re o f
m a n y c rops a n d t rees t h a n i n n o n r h i z o s p h e r e soil.
A m m o n i a volat i l izat ion. A m m o n i a vola t i l iza t ion w o r l d w i d e i s e s t ima t ed t o be
1 7 0 x l 0 6 t annua l ly , or an a v e r a g e of 10 kg N ha - 1 y e a r - 1 (Burns a n d H a r d y 1975).
M e a s u r e m e n t s o f N H 3 vo la t i l i za t ion from n a t u r a l a r id ecosys tems are lacking,
poss ib ly ref lect ing an i n a d e q u a c y o f su i tab le t e chn iques a n d the genera l n o t i o n
tha t N H 3 vo la t i l i za t ion u n d e r these cond i t i ons i s not a n i m p o r t a n t N- los s
m e c h a n i s m ( H u s z 1977; N o y - M e i r a n d H a r p a z 1977). H e a v y losses of N as N H 3
h a v e b e e n o b s e r v e d by A g g a r w a l e t al . (1987) after t h e app l i ca t i on o f v a r i o u s N H 4
a n d N H 4 - f o r m i n g fert i l izers in the a r id s a n d y soils o f Rajasthan.
M a n a g e m e n t o f n i t r o g e n
T h e N r e q u i r e m e n t of c rops var ies w i t h c rop t y p e a n d yield level. L o n g t e r m
e s t i m a t i o n s of t he N r e q u i r e m e n t of c rops u n d e r ar id cond i t ions m a y be difficult,
b e c a u s e y ie ld levels v a r y cons ide rab ly w i t h va r i a t ions in rainfall . S t ewar t (1992)
o b s e r v e d tha t u n d e r s u c h cond i t i ons , c r o p y ie lds m a y va ry from ze ro t o th ree
t imes the a v e r a g e yield. Tucker (1988) c o n c l u d e d tha t u s i n g a v e r a g e y ie lds to
e s t i m a t e N r e q u i r e m e n t s in semi -a r id reg ions is too conse rva t ive a n d ac tua l ly
l o w e r s a v e r a g e y ie lds w i t h t ime , b e c a u s e of insufficient N s u p p l y in favorable
yea r s . H o w e v e r , t he u s e of re la t ively h i g h yield goals resul t s in excess N 
app l i c a t i ons in m o s t y e a r s a n d can great ly r e d u c e profit. T h e cu r ren t conce rn ove r
the po ten t i a l e n v i r o n m e n t a l d e g r a d a t i o n from excess N also m a k e s this
a l t e rna t i ve u n a c c e p t a b l e .
Tucker (1988) p r e s e n t e d severa l g r o u n d ru les to a r r ive a t logical yie ld goals .
T h e s e i n c l u d e c h o o s i n g yie ld goals b a s e d u p o n (1) h ighes t yield w i th in the p a s t 5 
yea r s , p r o v i d e d c rop m a n a g e m e n t w a s g o o d ; (2) yield goal set a t 1.5 t imes of
l o n g t e r m a v e r a g e ; a n d (3) y ie ld goal ba sed on soil capabi l i t ies as def ined in
S t a n d a r d Soil S u r v e y s , u s i n g y ie lds o f t o p g r o w e r s in the vicini ty on the s a m e
k i n d of soil.
Pear l mil le t r e s p o n d e d favorably to N a d d i t i o n s (Agga rwa l a n d Venka teswar lu
1989); r e s p o n s e r a n g e d f rom 7.0 to 18.0 kg g ra in p e r kg N app l i ed , w i t h h ighe r
v a l u e s in yea r s of g o o d rainfall . Venka te swar lu a n d H e g d e (1992) r epo r t ed that , in
the l ong t e rm , the app l i ca t i on of N as e i ther o rgan ic or inorgan ic fertilizer r educes
the year - to -year y ie ld va r i a t ion .
Nitrogen uptake by pearl mi l let . The pea r l mil let c rop takes up the major
q u a n t i t y of N — u p to 70% of the total N u p t a k e — w i t h i n the first 30 d a y s of
g r o w t h . Thereafter , N u p t a k e s l o w s d o w n , c o n t i n u i n g g r a d u a l l y un t i l t he g ra in -
filling s tage . T h e total q u a n t i t y of N t aken up var ies w i t h the yield level (Table 3).
Fac tors tha t affect y ie ld , s u c h as soil fertility a n d p r e v i o u s c rop , also affect total N 
u p t a k e .
31
Table 3 . N i t r o g e n u ptake by pearl mi l l e t (var. MH 179) at different y i e l d l eve l s .
G r a i n y ie ld (kg ha - 1 ) N u p t a k e (kg ha - 1 )
720
860
930
1560
28.13
28.39
51.48
64.55
A d d i t i o n of n i trogen . A g o o d c r o p of pea r l mil le t t akes up a r o u n d 65 kg ha - 1 N 
(Table 3). Of this , t he c o n t r i b u t i o n from soil o rgan ic mat ter , rainfall , a n d biological
N 2 f ixat ion m a y a m o u n t to 25 kg N ha
- 1 . Therefore , to ach ieve a g o o d yie ld , N 
n e e d s to be a d d e d to the soil f rom o t h e r sources , to m a k e the r e m a i n i n g 40 kg N 
ha - 1 ava i l ab le to the c rop .
S ingh et al. (1979, 1981) h a v e r epo r t ed tha t the yield of pear l millet d o u b l e d w i th
the app l i ca t ion of 40 kg N ha - 1 . Similar resul ts h a v e also been r epor t ed by S ingh et
al (1981). A g g a r w a l a n d P r a v e e n - K u m a r (1996), on the basis of a 7-year s tudy,
r e p o r t e d a significant r e s p o n s e of pear l mil let to app l ica t ion ra tes of 80 kg N ha -1
on ly in yea r s of g o o d rainfall . A c o m p a r i s o n of different N fertilizers s h o w e d tha t
m a x i m u m y ie lds w e r e o b t a i n e d w i t h a m m o n i u m sulfate (Table 4), b u t d u e t o the
h i g h cost of of this fertilizer, u rea has b e c o m e the major source of N in a r id reg ions ,
e v e n t h o u g h the u s e efficiency of u r e a - N by pear l mil le t i s ve ry low.
Table 4. Effect of different n i trogen sources on pearl mi l le t y i e ld , a m m o n i a
volat i l i zat ion , and n i trogen-use efficiency.
N
s o u r c e
G r a i n yie ld
(kg ha - 1 )
N H 3
vola t i l iza t ion
(% app l i ed N)
N - u s e
efficiency
(%)
C o n t r o l 520 - -
Urea 610 16 5
A m m o n i u m sulfa te 740 12 32
Urea m i x e d w i t h sul fur 880 8 48
D i a m m o n i u m p h o s p h a t e 610 3 18
C a l c i u m a m m o n i u m n i t r a t e 660 0.1 24
C D (P=0.01) 40 0.7
Source: Aggarwal et al. (1987).
Var ious s t u d i e s a t C A Z R I h a v e revea led tha t m i x i n g e l emen ta l sulfur w i t h u rea
(Table 4) ( A g g a r w a l et al . 1987) or a p p l y i n g a smal l q u a n t i t y of a m m o n i u m sulfate
before a p p l y i n g u r e a ( P r a v e e n - K u m a r a n d A g g a r w a l 1988) increases the
efficiency o f u rea . P r a v e e n - K u m a r a n d A g g a r w a l ( u n p u b l i s h e d da t a ) a lso s h o w e d
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tha t t he N H 4 : N O 3 r a t io in an N fertil izer affects its u s e efficiency a n d found tha t
the o p t i m u m ra t io , w h i c h g a v e the h ighes t y ie lds a n d u s e efficiency, w a s 3:1.
Bes ides a m m o n i a vola t i l iza t ion , deni t r i f icat ion i s n o w cons ide red an i m p o r t a n t
p a t h w a y of N loss (Peter john 1991). D u e to different loss m e c h a n i s m s , a major p a r t
of a p p l i e d N, i f n o t u s e d by t h e c rop , i s lost from the soil. As a resul t , no res idua l
effect of ferti l izer N is o b s e r v e d ( A g g a r w a l a n d P r a v e e n - K u m a r 1996). Th is w a s
d e m o n s t r a t e d in a field e x p e r i m e n t ( P r a v e e n - K u m a r a n d A g g a r w a l , u n p u b l i s h e d
d a t a ) in w h i c h 20, 40, 60, a n d 80 kg N ha - 1 w a s a p p l i e d to different p lo t s at the
t i m e of s o w i n g , a n d t h e c rop w a s ha rves t ed after 20, 40, a n d 60 d a y s of g r o w t h ,
r e p r e s e n t i n g c o m p l e t e c r o p mor ta l i t y a t early, m e d i u m , a n d la te s t ages o f
d r o u g h t . T h e nex t year, pea r l mil le t w a s aga in g r o w n i n these p lo t s w i t h o u t a d d e d
N fertilizer. Yields w e r e c o m p a r e d w i t h y ie lds f rom o the r p lo ts w h e r e 0 , 20, a n d 40
kg N ha - 1 w a s a d d e d . Yields f rom p lo t s be ing s t u d i e d for res idua l N effects w e r e
c o m p a r a b l e to t h o s e f rom cont ro l p lo t s w h e r e no fertil izer w a s a d d e d (Fig. 3). This
s u g g e s t s tha t ferti l izer N a p p l i e d t h e p r e v i o u s yea r d i d n o t s h o w significant
r e s idua l effect a t a n y level of ferti l izer app l i ca t ion or s t age of c rop harves t . Since
d r o u g h t s occur f requent ly in a r id reg ions , f a rmers cons ide r N ferti l izers a r i sky
i n p u t ; h e n c e the re is a n e e d for be t te r m a n a g e m e n t .
Figure 3. Residual effect of nitrogen applied to pearl millet crops harvested 20, 40, and 60 
days after sowing to simulate drought conditions. Lines indicate residual effect of 
fertilizer applied in 1988 on the pearl millet crop grown in 1989; bars indicate grain yield 
after fertilizer application in 1989. (Source: Praveen-Kumar and R.K. Aggarwal, 
unpublished.)
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Split app l i ca t i on of N fertilizer g ives h ighe r y ie lds t h a n a s ingle appl ica t ion ,
increases N - u s e efficiency, a n d r e d u c e s r isk d u e to i m p e n d i n g d r o u g h t s . Six w a y s
of sp l i t t ing fertilizer N app l i ca t i on to pea r l mil let , w i t h v a r i o u s p r o p o r t i o n s of
basa l ly a p p l i e d a n d t o p d r e s s e d fertilizer, w e r e c o m p a r e d for t w o c r o p p i n g
s y s t e m s — p e a r l mi l le t -pear l mil le t a n d c lus ter bean -pea r l mil let (see Fig. 4). O u r
resul t s s u g g e s t e d tha t for b o t h s y s t e m s
• spl i t a p p l i c a t i o n of ferti l izer w a s be t te r t h a n a s ingle appl ica t ion ;
• a p p l i c a t i o n of 40 kg N ha - 1 e i ther as t w o or th ree spl i ts ( t r ea tment b, c, or e) g a v e
y ie lds tha t w e r e a t p a r w i t h o n e ano the r ;
• at 80 kg N ha - 1 , y i e lds ob t a ined w i t h e i ther t r ea tmen t c or e w e r e h ighe r t h a n
those o b t a i n e d w i t h t r e a t m e n t b ;
• y i e lds ob t a ined w i t h t r e a t m e n t d — n o basa l N a p p l i c a t i o n — w e r e l ower t h a n
those o b t a i n e d w i t h a n y o the r t r ea tmen t a t the s a m e N level.
C o m p a r i n g t h e pea r l mil le t y ie lds i n the t w o c r o p p i n g s y s t e m s , w e found tha t
w i t h t r e a t m e n t d , i.e., w i t h o u t basa l N app l ica t ion , y ie lds w e r e m u c h h ighe r in the
c lus ter b e a n - p e a r l mi l le t t h a n in t he pear l mi l le t -pear l mil let sys t em.
Figure 4. Effect of different methods of split application of fertilizer N (40 and 80 kg ha
-1
)
on pearl millet yield in two cropping sequences. (Source: Praveen-Kumar and 
R.K. Aggarwal, unpublished.) 
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O u r resu l t s s u g g e s t e d that , a l t h o u g h basal app l i ca t ion i s necessary to ach ieve
h i g h pea r l mi l le t y ie lds , i t c a n be a v o i d e d to r e d u c e risk, w i t h o u t m u c h loss o f
yie ld , i f c lus ter b e a n w a s g r o w n in the p r e v i o u s year.
Integrated use of Fertil izers, Manures , Crop Res idues ,
and L e g u m e - b a s e d Cropping Sys t ems
In v i e w of the h i g h cost of chemica l ferti l izers a n d the character is t ic u n c e r t a i n
yie ld levels in th is a r id z o n e , A g g a r w a l a n d Venka te swar lu (1989) s u g g e s t e d
s u p p l e m e n t i n g chemica l fert i l izers w i t h b u l k y o rgan ic m a n u r e s .
Fertilizer nitrogen and farmyard manure
Singh et al. (1981) o b s e r v e d that , u n d e r the ar id condi t ions of Jodhpur , c o n t i n u o u s
app l i ca t i on of s h e e p m a n u r e in genera l g a v e subs tan t ia l ly h igher pear l millet
y ie lds t h a n the app l ica t ion of u rea a lone. Rao a n d Singh (1993) s h o w e d that
s u b s t i t u t i n g FYM for 50% of the fertilizer r equ i r emen t gave yie lds near ly s imilar to
those ob t a ined w i t h the full fertilizer dose . A g g a r w a l a n d P r a v e e n - K u m a r (1996),
on the bas is of a 7-year s t u d y on ar id soils, s h o w e d not on ly a beneficial effect of
FYM a lone b u t also a synergis t ic effect on c rop yield of FYM app l i ed w i th inorganic
ferti l izers. App l i ca t i on of FYM increases the u se efficiency of fertilizer N; however ,
i m p r o v e m e n t of soil fertility w i t h FYM appl ica t ion is a ve ry s low process (Table 5).
Table 5. Effect of c o n t i n u o u s cropping of pearl mi l l e t and addi t ion of
farmyard m a n u r e (FYM) (t ha
-1
 yr
-1
) on fertility status of soi l .
Initial v a l u e
(1983)
Final va lue (1989)
FYM a d d i t i o n
Soil fertility s t a t u s 0 10
O r g a n i c C (%) 0.27 0.25 0.33
Avai lable n u t r i e n t s
P ( m g kg - 1 ) 6.31 5.68 8.00
M n ( m g kg - 1 ) 5.54 5.60 5.86
Fe ( m g kg - 1 ) 2.00 2.09 2.18
C u ( m g kg - 1 ) 0.16 0.16 0.19
Z n ( m g kg - 1 ) 0.13 0.37 0.45
N (kg ha - 1 ) 140.0 138.6 144.3
1. Source: Aggarwal and Praveen-Kumar (1996).
C r o p r e s i d u e s a n d f e r t i l i z e r n i t r o g e n
C r o p r e s i d u e s a re an i m p o r t a n t source of soil nu t r i en t s . In India , 1.24 mi l l ion tons
of N, 0.16 mi l l ion t ons of P, a n d 2.0 mi l l ion tons K of can be a d d e d to the soil if
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on ly one - th i rd o f t he e s t i m a t e d c r o p r e s idues (185.3 mi l l ion t ons p e r year ) w e r e
r e t u r n e d to t he soil (Bharadwaj 1981). Res idues can be left on soil as m u l c h c u m
m a n u r e , c a n be i nco rpo ra t ed in to soil, o r c a n e v e n be b u r n t i n the field a n d the
a s h e s i n c o r p o r a t e d in to the soil. But research on this a spec t of n u t r i e n t
m a n a g e m e n t h a s b e e n r a t h e r l imi ted i n a r id reg ions .
G u p t a a n d G u p t a (1986) r e p o r t e d tha t u n d e r a r id cond i t i ons , m u l c h i n g w i t h
local w e e d s inc reased soil m o i s t u r e con ten t from 3-7% to 4-9%, b u t w a s m o r e
effective in a no- t i l lage sys t em. G u p t a (1984) r e p o r t e d tha t m u l c h i n g r e d u c e d the
m e a n m a x i m u m t e m p e r a t u r e a t 10-cm d e p t h by 1-6° C in fields of c o w p e a a n d
pea r l mil le t . T h e a d d i t i o n o f c r o p r e s idues a lso i m p r o v e s soil a g g r e g a t i o n
(Venka te swar lu 1987). Th is i s m a i n l y a t t r i bu t ed to inc reased microbia l ac t iv i ty
d u r i n g d e c o m p o s i t i o n (Elliot a n d Lynch 1984; Elliot a n d P a p e n d i c k 1986), a d h e -
s ive ac t ion of d e c o m p o s i t i o n p r o d u c t s (Elliot a n d Lynch 1984), or increased
e a r t h w o r m p o p u l a t i o n s . Venka t e swar lu (1984) a n d G u p t a (1986) h a v e r epo r t ed a 
d e c r e a s e i n b u l k d e n s i t y a n d increase i n h y d r a u l i c conduc t iv i ty i n soils w h e r e
r e s i d u e m a n a g e m e n t i s p rac t i ced .
Re t a in ing the c r o p r e s idues on the soil genera l ly h a s a pos i t ive effect on g ra in
yie ld ( H a d i m a n i e t al. 1982; H e g d e et al. 1982; Venka te swar lu 1984; Dhi l lon a n d
Dhi l lon 1991; A g g a r w a l e t a l , i n press) . Rao a n d S ingh (1993) h a v e r epor t ed tha t
c r o p r e s i d u e s a re as efficient a sou rce of n u t r i e n t s as o the r o rgan ic mate r i a l s , s u c h
as cat t le m a n u r e a n d c o m p o s t . H o w e v e r , A g g a r w a l e t al . (in press) d i d n o t find
a n y s ignif icant c h a n g e in the yield of the s u c c e e d i n g c r o p of pea r l mi l le t after the
a d d i t i o n of c r o p r e s i d u e s w i t h a w i d e C:N ra t io , w h e r e a s yie ld increases w e r e
signif icant after t he i n c o r p o r a t i o n of r e s idues w i t h a n a r r o w C:N ra t io (Table 6).
I n c o r p o r a t i n g c r o p r e s i d u e s in to the soil h a s b e e n r epo r t ed to increase the o rgan ic
Table 6. Effect of crop res idues , farmyard manure (FYM), and fertilizer N on
grain y i e l d a n d n i trogen-use efficiency of pearl mi l le t in the Indian arid zone .
1
Fert i l izer N 
(kg ha-1 yr - 1 )
C o n t r o l
w i t h o u t
o rgan ic
a m e n d m e n t s
A d d e d c rop r e s i d u e 2 ( t h a - 1 y r - 1 ) 1
FYM
(t ha-1 y r - 1 ) 1
2.0
CB
1.7
P M
1.4
M B
2.7
G r a i n y ie ld (kg ha - 1 )
0 335 515 430 435 530
20 505 625 540 545 635
40 550 715 585 655 770
N - u s e efficiency (% of a p p l i e d N)
20 30.10 57.52 38.71 30.71 56.52
40 20.03 35.93 18.49 26.26 39.87
1. Average of 2 years.
2. CB = cluster bean; PM = pearl millet; MB = mung bean.
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m a t t e r con ten t ( H o o k e r e t al. 1982; A g g a r w a l e t al., in press) . H e g d e et al. (1982)
r e p o r t e d h i g h e r o rgan ic C a n d avai lab le P a n d K in soils after 5 consecu t ive yea r s
of m a i z e r e s i d u e inco rpo ra t ion . Increases in the o rgan ic C and avai lable N, P, a n d
K after the app l i ca t i on of r e s idues h a v e also b e e n r e p o r t e d by Dhi l lon a n d Dhi l lon
(1991).
L e g u m e - b a s e d c r o p r o t a t i o n
M a n n a n d S i n g h (1977) o b s e r v e d tha t pear l mil le t y ie ld w a s 62% lower w i t h a 
pea r l mi l le t -pear l mi l le t ro t a t ion t h a n w i t h a m u n g bean -pea r l mil le t ro ta t ion .
S i n g h (1980) r e p o r t e d tha t , a m o n g sole c r o p sys t ems , the pea r l mil let-fal low
ro t a t i on p r o v e d the m o s t r e m u n e r a t i v e i n b o t h yield a n d m o n e t a r y r e tu rns .
A m o n g ro ta t ions , pear l mil le t -c lus ter b e a n g a v e the h ighes t r e t u r n s pe r u n i t area
(Misra 1964). Based on a l o n g t e r m s tudy , S ingh et al. (1985) r epo r t ed tha t in a r id
soils of J o d h p u r , pea r l mi l le t y ie ld w a s 11% h ighe r from a cluster bean -pea r l mi l le t
ro t a t ion t h a n f rom c o n t i n u o u s pea r l mil let . Similar resu l t s w e r e a lso ob t a ined by
O s w a l et al. (1989) in ra infed soils of H a r y a n a . T h e beneficial effects of l e g u m e
cu l t iva t ion m a y be a t t r i bu t ed to i m p r o v e d soil fertility (Das a n d Rao 1986; O s w a l
et al . 1989; P r a v e e n - K u m a r et al . 1996). In a l o n g t e r m s tudy, S ingh et al. (1985)
found a 12% increase in soil o rgan ic C a n d a 2 5 % increase in avai lable soil P as a 
resu l t o f l e g u m e cu l t iva t ion .
S i n g h a n d S ingh (1977), a lso on the bas is of a l o n g t e r m s tudy, r epo r t ed tha t the
cu l t i va t ion of m u n g b e a n in ro ta t ion w i t h pea r l mil le t s u p p l i e d w i t h 20 kg N ha - 1
g a v e y i e lds s imi la r to t hose ob ta ined w i t h app l i ca t i on of 40 kg fertilizer N ha - 1 . In
o the r w o r d s , g r o w i n g l e g u m e s h a d an effect equ iva l en t to tha t of 20 kg N ha - 1 .
H o w e v e r , th is l e g u m e effect differs w i t h different g r a in l e g u m e s . For ins tance ,
S ingh e t al. (1985) o b s e r v e d tha t ro ta t ion of pea r l mil let w i t h m u n g b e a n or c lus ter
b e a n w a s be t t e r t h a n i ts ro t a t ion w i t h m o t h bean . P r a v e e n - K u m a r e t al .
( u n p u b l i s h e d da t a ) r e p o r t e d a h ighe r pea r l mil le t yield w h e n the p r e c e d i n g c rop
w a s c lus ter b e a n t h a n w h e n i t w a s m u n g bean . The beneficial effect o f l e g u m e s on
pea r l mi l le t a lso d e p e n d s on the n u m b e r o f s easons they a re cu l t iva ted p r io r to
pear l mil let .
L e g u m e cu l t iva t ion i m p r o v e s the fertility s t a tus of soils. P r a v e e n - K u m a r e t al .
(in p ress ) h a v e s h o w n tha t the c h a n g e s in the concen t ra t ion of total N after
l e g u m e cu l t i va t ion a re ve ry smal l c o m p a r e d w i t h changes in the d i s t r i bu t ion o f
different o rgan ic N fract ions. The i n t e r c r o p p i n g of pear l mil le t a n d l e g u m e s in
a r id soi ls h a s a lso s h o w n p r o m i s i n g resu l t s (Misra 1971; S ingh a n d Joshi 1980;
S ingh et al . 1978).
C o n c l u s i o n
Soils of ar id r eg ions a re genera l ly deficient in N, w h i c h is a major r ea son for l ow
produc t iv i ty . Because of var iab le yield levels a n d the fa rmers ' lack of resources ,
t he r e i s n e e d to b u i l d up a n d m a i n t a i n soil N t h r o u g h in t eg ra t ed n u t r i e n t
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m a n a g e m e n t . This can be ach i eved in p a r t by mob i l i z ing the organic sources of N 
ava i lab le on the farm. Research on rainfed ag r i cu l tu re ha s s h o w n the beneficial
effect of i n t e g r a t i n g o rgan ic sou rces w i t h inorgan ic N sources . Better m a n a g e m e n t
of ferti l izer N by r e g u l a t i n g t h e a m m o n i a vola t i l iza t ion processes he lps e n h a n c e
its efficiency. F u r t h e r r esea rch is n e e d e d on (1) es tab l i sh ing fertilizer N ra tes on
the bas i s of total n u t r i e n t r e q u i r e m e n t s for a g iven c r o p p i n g s y s t e m u n d e r
va r i ab le m o i s t u r e cond i t i ons , avai labi l i ty o f N, a n d organ ic a n d biological
resources , w h i l e t a k i n g in to a c c o u n t fertilizer efficiency; (2) ident i fy ing the
po ten t i a l o f o n - f a r m o rgan ic sources (p lant a n d an imal ) a n d their m a n a g e m e n t for
h ighe r N avai labi l i ty a n d fertility m a i n t e n a n c e .
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Nutrient Management Research on Pearl Millet
for the Arid Western Plain Zone of Rajasthan
R P Jangir
1
Abstract
This paper reviews research done at the Agricultural Research Station of Rajasthan 
Agricultural University at Mandor, Jodhpur, on the response of pearl millet to nutrients 
supplied through organic and inorganic sources. Pearl millet yields increased with 
nitrogen up to 40 kg ha-1, applied as a split dose, half at sowing and half topdressed 30-40 
days after sowing, when rainfall was normal Under intermittent drought, N was 
beneficial only up to 20 kg ha-1, applied basally. However, when adequate soil moisture 
was maintained with supplemental irrigation, 80 kg ha-1 N significantly increased 
yields—grain by 72.1% and stover by 33.1%—over the unfertilized crop. Sulfur 
fertilization (50 kg ha-1) had no significant effect on grain yield, even when available soil S 
was below the critical soil test value, indicating that pearl millet uses S efficiently. Studies 
on crop rotation and fertilizer management showed that continuous sole-cropping of pearl 
millet reduced grain yields. Moth bean-pearl millet emerged as the most productive 
rotation, giving a gross monetary return of Rs. 3802 ha-1. Leguminous crops did not 
respond to N fertilization, but phosphorus applied to the cereal, legume, or oilseed crop in 
alternate years appeared to supply sufficient P for the succeeding pearl millet crop. 
Farmyard manure applied at 10 t ha-1 in alternate years considerably increased grain and 
stover yields of pearl millet and organic carbon content and water-holding capacity of the 
soil
Introduct ion
P e a r l mi l le t i s t h e t r ad i t i ona l ly g r o w n cereal food c r o p o f t he d r y f a r m i n g s y s t e m s
in Ra jas than . I t i s g r o w n on 4.8 mi l l ion hec ta re s a n d i s t h e s ingle r a i n y - s e a s o n
cereal g r o w n in six o f t h e n i n e ag roc l ima t i c z o n e s o f Rajas than. H o w e v e r , a v e r a g e
y i e l d s o f p e a r l mi l le t h a v e f luc tua ted b e t w e e n 223 a n d 562 kg ha - 1 i n t h e las t t w o
d e c a d e s b e c a u s e o f t h e a r i d e n v i r o n m e n t , w h i c h subjects t he c r o p t o s eve re ab io t ic
s t resses , e spec ia l ly def iciencies of soil m o i s t u r e a n d nu t r i en t s . A p p l i c a t i o n of
fertil izer, p a r t i c u l a r l y N , d e p e n d s o n t h e in tens i ty a n d d i s t r i b u t i o n o f t h e
s o u t h w e s t m o n s o o n . H e n c e , t he r e i s a n e e d t o d e t e r m i n e t h e o p t i m u m r a t e a n d
1. Department of Agronomy, Agricultural Research Station, Rajasthan Agricultural University, Mandor, Jodhpur
342 304, Rajasthan, India.
Jangir, R.P. 1997. Nutrient management research on pearl millet for the arid western plain zone of Rajasthan. Pages
43-48 in From research station to farmer's field: nutrient management research for millet-based cropping systems of
western Rajasthan; proceedings of a planning workshop, 20-22 May 1996, Jodhpur, India (Seeling, B., and Joshi, N.L.,
eds ) . Patancheru 502 324, Andhra Pradesh, India: International Crops Research Institute for the Semi-Arid Tropics
and Jodhpur 342 003, Rajasthan, India: Central Arid Zone Research Institute.
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t i m e o f fer t i l izer a p p l i c a t i o n , e i the r a l o n e o r i n c o m b i n a t i o n w i t h f a r m y a r d
m a n u r e (FYM), i n v a r y i n g rainfal l s i t ua t ions . N u t r i e n t m a n a g e m e n t s t u d i e s o n
p e a r l mi l l e t d o n e a t t h e A g r i c u l t u r a l Resea rch S ta t ion , M a n d o r , J o d h p u r , a r e
r e v i e w e d i n th i s p a p e r .
N i t r o g e n M a n a g e m e n t
Fie ld s t u d i e s o v e r 5 y e a r s to d e t e r m i n e t h e o p t i m u m d o s e a n d t i m i n g of N 
a p p l i c a t i o n u n d e r d r y l a n d c o n d i t i o n s s h o w e d tha t i n s e a s o n s w i t h n o r m a l rainfall
(300 mm ± 60 m m ) , p e a r l mi l l e t r e s p o n d e d up to 40 kg ha - 1 N a p p l i e d in t w o e q u a l
sp l i t s , half a t s o w i n g a n d half t o p d r e s s e d 3 0 - 4 0 d a y s after s o w i n g (DAS) (Table 1).
M e a n i n c r e a s e i n g r a i n y ie ld w a s 60 .3% ove r y ie ld o f t h e u n t r e a t e d c r o p . U n d e r
i n t e r m i t t e n t d r o u g h t , h o w e v e r , p e a r l mi l le t r e s p o n d e d on ly u p t o 2 0 k g h a - 1 N ,
a p p l i e d ba sa l l y (ARS 1991).
Table 1 . Effect o f n i t rogen l e v e l (kg h a
1
) a n d t ime o f appl icat ion on grain y i e l d
of pearl m i l l e t (kg ha
- 1
) .
T r e a t m e n t Year
Basa l
Top-
d r e s s e d
1988
(M) 1
1989
(PM) 1
1989
(M)
1990
(M)
1991
(M) M e a n
0 0 282 846 974 528 315 589
0 10 296 878 1139 567 454 667
0 20 351 936 1079 822 491 736
10 0 318 909 1120 767 481 719
10 10 348 911 1278 972 546 811
10 20 356 894 1130 1100 500 796
20 0 360 857 1051 1139 528 787
20 10 388 855 1009 1264 500 803
20 20 468 939 1231 1371 712 944
C D (5%) 78 NS2 N S 283 186 -
1. M = monsoon sowing, PM = premonsoon (June) sowing,
2. NS = nonsignificant.
A n o t h e r f i e l d s t u d y o v e r 3 y e a r s s h o w e d tha t w i t h s u p p l e m e n t a l i r r iga t ion ,
g r a i n a n d s t o v e r y i e l d s o f p e a r l mi l le t i nc r ea sed s ignif icant ly w i t h N app l i c a t i ons
u p t o 8 0 k g ha - 1 , a p p l i e d i n t w o e q u a l sp l i t s , half a t s o w i n g a n d half t o p d r e s s e d a t
3 0 D A S (Table 2); g r a i n y ie ld w a s 72 .1% h i g h e r t h a n tha t o f t h e u n t r e a t e d con t ro l
a n d s t o v e r y i e l d w a s 3 3 . 1 % h igher . Yield inc reases w e r e a t t r i b u t e d t o t h e
c u m u l a t i v e effect o f s igni f icant i n c r e a s e s in y ie ld a t t r i bu te s .
In the s a m e s t u d y , S a p p l i c a t i o n h a d no s ignif icant effect on g r a i n y ie ld ,
a l t h o u g h ava i l ab l e S c o n t e n t o f t h e soil w a s b e l o w t h e cri t ical l imi t (8.5 mg kg - 1 ) .
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Table 2 . Effect o f n i t rogen a n d sul fur on y i e l d o f pearl mi l l e t w i t h a d e q u a t e
m o i s t u r e supp ly , Rajasthan, India , 1989-91 .
Yield (kg ha - 1 )
G r a i n
M e a n
Stover
T r e a t m e n t 1989 1990 1991 1989 1990 1991 M e a n
N a p p l i e d (kg ha - 1 )
0 1125 1788 1170 1361 4548 4471 3804 4274
40 1274 2531 2187 1997 4868 5293 4834 4998
80 1329 3037 2661 2342 5744 6064 5262 5690
120 1270 3032 2710 2337 5817 6466 5524 5936
C D (5%) 91 209 173 156 303 229 196 232
S a p p l i e d (kg ha - 1 )
0 1215 2586 2138 1980 5223 5524 4810 5186
50 1284 2609 2226 2040 5266 5623 4901 5263
C D 5 % 65 N S N S N S N S N S N S N S
T h i s m a y be d u e to t he ex is tence o f an efficient m e c h a n i s m for S u p t a k e a n d
t r a n s l o c a t i o n in p e a r l mil le t .
Crop Rotat ion and Fertil izer M a n a g e m e n t
Field s t u d i e s w e r e u n d e r t a k e n for 8 consecu t i ve y e a r s (1988-95) on a p e r m a n e n t
s i te to tes t c r o p r o t a t i o n s o f ra in fed p e a r l mi l le t w i t h l e g u m e a n d o i l seed so le
c r o p s a n d t h e a m o u n t o f fert i l izer r e q u i r e d for t hese c r o p p i n g s e q u e n c e s (ARS
1995).
Pea r l mi l le t y i e l d s in the l e g u m e - p e a r l mi l le t r o t a t i on w e r e h i g h e r t h a n t hose o f
c o n t i n u o u s p e a r l mi l le t (Table 3). Th i s m a y be d u e to a m a r g i n a l inc rease in the
o r g a n i c c a r b o n c o n t e n t o f t h e soil f rom l e g u m e leaf litter. U n d e r t he l e g u m e - p e a r l
mi l le t r o t a t i on , o r g a n i c C c o n t e n t of t he soil a t t he e n d of 8 yea r s w a s 4 .1 -5 .0%
h i g h e r t h a n tha t u n d e r c o n t i n u o u s pea r l mil le t .
T h e m o t h b e a n - p e a r l mi l le t r o t a t i on w a s economica l ly t h e m o s t r e m u n e r a t i v e ,
g i v i n g a m e a n g r o s s r e t u r n of Rs. 3802 ha - 1 (Table 4). A p p l y i n g 100% of
r e c o m m e n d e d N e v e r y s e a s o n a n d of P e v e r y a l t e rna t e s e a s o n w a s f o u n d as
effective as a p p l y i n g 100% N a n d P e v e r y season . F r o m th is we c o n c l u d e tha t P 
c o u l d bes t b e a p p l i e d t o t h e cereal , l e g u m e , o r o i l seed c r o p i n t h e s e q u e n c e o n c e i n
t w o s e a s o n s a n d p e a r l mi l le t g r o w n i n ro t a t i on o n the r e s idua l fertility.
Longterm Effect of M a n u r e
Field s t u d i e s u s i n g l o n g t e r m m a n u r i a l t r e a t m e n t s s h o w e d a s ignif icant effect o f
F Y M a p p l i c a t i o n o n g r a i n a n d s t o v e r y i e l d s o f p e a r l mi l le t i n all y ea r s . T h e
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Table 3 , Effect of crop rotation and ferti l izer appl icat ion on y i e l d of rainy-
s e a s o n crop, Rajasthan, India , 1988-95 .
Yield (kg ha - 1 )
T r e a t m e n t 1988 1989 1990 1991 1992 1993 1994 1995
C r o p r o t a t i o n 1
P M - P M 377 917 1046 930 525 143 1769 200
M B - P M 1178 845 1134 645 167 706 351
C B - P M 576 1081 357 1125 400 168 322 256
S - P M 9 2 1271 113 1097 149 149 73 210
Fer t i l i ty l e v e l 2
373 1191 655 1194 469 168 758 269
F 2 384 1180 609 1097 441 160 703 264
F 3 288 962 507 923 371 142 690 230
1. PM = pearl millet; MB = moth bean; CB = cluster bean; S = sesame.
2. F1 = 100% N and P applied every season; F2 = 100% N applied every season and P in alternate seasons; F3 = 75% N 
applied every season and P in alternate seasons. For pearl millet and sesame 100% = 40 kg N + 17.2 kg P ha-1 and
for legumes 100% = 20 kg N + 17.2 kg P ha-1.
Table 4 . Effect of crop rotation a n d ferti l izer appl icat ion on gross monetary
returns f rom pearl m i l l e t a n d l e g u m e or o i l s e e d crops , Rajasthan, India.
G r o s s r e t u r n s (Rs ha - 1 )
T r e a t m e n t 1988 1989 1990 1991 1992 1993 1994 1995 M e a n
C r o p r o t a t i o n 1
P M - P M 2489 2314 3159 4620 1993 918 8507 1435 3204
M B - P M 567 2961 4561 5560 5922 1071 7876 1890 3802
C B - P M 3185 2773 2323 5876 2479 1073 2516 1677 2713
S - P M 787 3207 1594 5481 2164 978 1352 1448 2126
C D (5%) 277 513 338 689 271 112 744 245 452
Fer t i l i ty l eve l 2
F1 2582 3029 3231 5882 3447 1083 5363 1693 3289
F 2 2524 2975 2979 5427 3196 1036 4947 1660 3093
F 3 2122 2434 2521 4694 2783 911 4878 1484 2728
C D (5%) 240 444 293 597 235 109 N S N S N S
1. PM = pearl millet, MB = moth bean, CB = cluster bean; S = sesame.
2. F1 = 100% N and P applied every season; F2 = 100% N applied every season and P in alternate seasons; F3 = 75% N 
applied every season and P in alternate seasons. For pearl millet and sesame 100% = 40 kg N + 17.2 kg P ha-1 a n d
for legumes 100% = 20 kg N + 17.2 kg P ha-1.
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a p p l i c a t i o n of F Y M at 10 t ha - 1 i n c r e a s e d g r a i n y i e ld s by a m e a n of 101.6% a n d
s t o v e r y i e l d s by 82.9% o v e r t h e con t ro l (Table .5), T h e r e w a s no s ignif icant
di f ference i n y i e ld s b e t w e e n a p p l i c a t i o n s m a d e e v e r y y e a r a n d i n a l t e rna t e y e a r s ,
excep t in 1990. T h u s , a p p l y i n g F Y M o n c e in 2 y e a r s s e e m s sufficient for o b t a i n i n g
h i g h e r p e a r l mi l le t y i e ld s .
Table 5 . Effect of farm yard manure (FYM) on pearl mi l l e t y i e l d s , Rajasthan,
Ind ia , 1 9 8 8 - 9 2 .
Yield (kg ha - 1)
Grain Stover
Treatment 1988 1989 1990 1992 Mean 1988 1989 1990 1992 Mean
Control
FYM ( l 0 t ha)
Every season
Alternate seasons
C D 5%
107 77 
130 267
130 268
NS 43
664 671
1583 1084
1280 1101
103 195
380
766
695
-
3458 400 2527 958
4375 1398 4213 1292
4236 1051 4185 1236
N S 329 130 137
1836
2820
2677
-
T h e a p p l i c a t i o n of FYM also s ignif icant ly i nc rea sed soil o rgan i c C a n d w a t e r -
h o l d i n g capac i ty d u r i n g all s e a s o n s (Table 6). M e a n o rgan ic C con t en t i nc reased
b y 43 .8% w i t h t h e y e a r l y a n d 2 5 % w i t h t h e a l t e rna te -yea r app l i ca t i ons ; w a t e r -
h o l d i n g capac i t y i n c r e a s e d by 7.6% a n d 4 .7% o v e r t h e con t ro l (ARS 1992).
Table 6 . Effect of farm yard m a n u r e (FYM) on so i l organic carbon content a n d
w a t e r - h o l d i n g capacity, Rajasthan, India , 1988-92 .
Organic carbon (%)
Mean
Water-holding capacity (%)
Treatment 1988 1989 1990 1992 1989 1990 1992 Mean
Control 0.17 0.17 0.17 0.15 0.16 27.2 27.6 28.5 27.8
FYM (10 t ha - 1)
Every season 0.21 0.23 0.24 0.24 0.23 29.5 30.2 30.0 29.9
Alternate seasons 0.20 0.22 0.22 0.18 0.20 28.8 29.2 29.4 29.1
C D 5% 0.02 0.02 0.01 0.02 - 0.63 1.07 1.60
C o n c l u s i o n s
N i t r o g e n a p p l i c a t i o n inc reases g r a i n y i e ld s o f pea r l mi l le t i n t h e a r i d w e s t e r n
p l a i n s z o n e of Ra ja s than w h e n rainfal l i s n o r m a l . T o p d r e s s i n g of N s h o u l d be
d o n e o n l y w h e n t he r e i s sufficient rainfal l , d u r i n g t h e p e a k g r o w t h p e r i o d o f t h e
c r o p . T h e m o t h b e a n - p e a r l mi l le t r o t a t i on w a s t he m o s t r e m u n e r a t i v e a n d
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p r o d u c t i v e c r o p p i n g s e q u e n c e tes ted . A p p l y i n g P to t h e p r e c e d i n g cereal , l e g u m e ,
o r o i l seed c r o p w a s f o u n d sufficient for t h e s u c c e e d i n g pe a r l millet c rop .
A p p l i c a t i o n of F Y M at 10 t ha - 1 o n c e in 2 y e a r s w a s sufficient to m a i n t a i n soil
fer t i l i ty
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Economic Issues in Nutrient Management
M L Purohit
1
Abstract
This paper discusses economic issues in nutrient management involving applications of 
inorganic fertilizer and use of organic materials in sole- and mixed-cropping systems in 
the arid zone of India. Most nutrient response studies calculate the benefits of fertilizer 
application in terms of grain yields. In arid areas, however, crop byproducts also fetch 
good prices. In subnormal rainfall years, grain and straw together can cover fertilizer 
costs. Therefore, straw yield should form an indispensable part of every economic 
analysis. In the arid zone, all animal waste, agrowaste, and litter is used as farmyard 
manure. In mixed cropping, the proportion of seed of each crop varies, depending on the 
time of onset of the monsoon; therefore, it is difficult to determine the product proportion 
and thereby the economic feasibility of fertilizer application in such systems. Nutrient 
management in alternative land-use systems is thought to be important, yet very little 
information is available on the economic feasibility of these systems. 
Introduct ion
E c o n o m i c i s sues i n n u t r i e n t m a n a g e m e n t i n v o l v e inc reas ing p r o d u c t i v i t y p e r u n i t
a r e a b y a p p l y i n g i n p u t s o n a s u s t a i n a b l e bas i s . Sus ta inab i l i ty m e a n s o p t i m i z i n g
p r o d u c t i v i t y o v e r t i m e r a t h e r t h a n m a x i m i z i n g p r o d u c t i o n a t o n e p o i n t i n t i m e . I t
e m p h a s i z e s c o n t i n u e d phys i ca l accessibi l i ty t o ag r i cu l tu ra l p r o d u c t s t h r o u g h
e c o n o m i c feasibility.
" S u s t a i n a b l e a g r i c u l t u r e " i s a loose ly de f ined t e r m t h a t e n c o m p a s s e s m a n y
a p p r o a c h e s to a l t e r n a t i v e a g r i c u l t u r a l s y s t e m s . I t i m p l i e s a t i m e d i m e n s i o n a n d
t h e c a p a c i t y of a f a r m i n g s y s t e m to e n d u r e indef in i te ly (Loakere tz 1988). T h e
u l t i m a t e g o a l o f s u s t a i n a b l e a g r i c u l t u r e i s t o d e v e l o p f a r m i n g s y s t e m s tha t a r e
p r o d u c t i v e a n d prof i tab le , c o n s e r v e t h e n a t u r a l r e sou rce ba se , p ro t ec t t h e
e n v i r o n m e n t , e n h a n c e h e a l t h a n d safety, a n d d o s o o v e r t h e l o n g t e r m (Parr e t a l .
1990). In e s sence , i t e m p h a s i z e s ecof r iendly ag r i cu l tu ra l m a n a g e m e n t t h a t wi l l
e n s u r e t h a t n a t u r a l r e s o u r c e s a r e ava i l ab l e t o fu tu re g e n e r a t i o n s .
1. Department of Agricultural Economics, Central Arid Zone Research Institute (CAZRI), Jodhpur 342 003,
Rajasthan, India.
Purohit, N.L. 1997. Economic issues in nutrient management. Pages 49-53 in From research station to farmer's field:
nutrient management research for millet-based cropping systems of western Rajasthan; proceedings of a planning
workshop, 20-22 May 1996, Jodhpur, India (Seeling, B., and Joshi, N.L., eds.). Patancheru 502 324, Andhra Pradesh,
India: International Crops Research Institute for the Semi-Arid Tropics and Jodhpur 342 003, Rajasthan, India: Central
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Nutr i en t M a n a g e m e n t i n C r o p p i n g S y s t e m s
T h e n u t r i e n t s u p p l y i n a s o l e - c r o p p i n g s y s t e m d o e s n o t p r o v i d e idea l c o n d i t i o n s
for soil i m p r o v e m e n t a n d a e r a t i o n a n d for m o i s t u r e a n d n u t r i e n t u s e . I n s y s t e m s
s u c h a s m i x e d c r o p p i n g , c r o p ro t a t ions , a n d c rop- t ree o r c rop- l ives tock c o m b i n a -
t i o n s , n u t r i e n t m a n a g e m e n t i s eas ier a n d m a y b e b o t h economica l a n d ecologic-
a l ly f r i e n d l y . N u t r i e n t m a n a g e m e n t i n a g r i c u l t u r e c o n c e r n s
• A p p l i c a t i o n of i n o r g a n i c f e r t i l i z e r s — n i t r o g e n / p h o s p h o r u s / p o t a s h , a n d t race
e l e m e n t s .
• U s e of o r g a n i c m a t e r i a l s — a g r o w a s t e , a n i m a l w a s t e , forest w a s t e , e tc .
• C r o p m i x e s a n d v a r i o u s e n t e r p r i s e mixes .
• C r o p r o t a t i o n s a n d c u l t u r a l p rac t ices , s u c h as b r e a k i n g o f sur face c rus t ,
p r e v e n t i n g c r o p b u r i a l f rom w i n d drift , e tc .
• M a n a g e m e n t of c r o p r e s i d u e s a n d thei r effects on t h e n u t r i e n t s t a t u s of t he soil.
• A l t e r n a t i v e l a n d use—agro fo re s t ry , s i lv ipas tora l , ho r t i pa s to ra l , a n d a g r o -
h o r t i c u l t u r a l s y s t e m s .
• U s e of b io f e r t i l i z e r s—such as Rhizobium a n d Azotobacter—and of v e r m i c u l t u r e .
Application of inorganic fertilizer
As a r i d - z o n e soi ls a r e i n h e r e n t l y p o o r in fertility, a p p l y i n g ino rgan ic ferti l izer i s
u s u a l l y beneficial , a l t h o u g h i t a d d s to the costs of cu l t iva t ion . M o r e ferti l izer i s
n e e d e d to e n h a n c e p r o d u c t i o n i f rainfall i s n o r m a l , w h e n 40 kg ha - 1 N is
c o n s i d e r e d a p p r o p r i a t e . H o w e v e r , th i s r a t e i s r e d u c e d by 50% w h e n rainfall i s
s u b n o r m a l , a n d t h e o p t i m u m N d o s e m o s t l y r e c o m m e n d e d i s o n l y 20 kg ha - 1 .
Different c r o p s s h o w different y ie ld r e s p o n s e s (ca lcula ted a s kg g r a i n y ie ld
inc rease p e r k g n u t r i e n t a p p l i e d ) t o fertilizer. O n resea rch o r d e m o n s t r a t i o n fa rms ,
p e a r l mi l le t , s e s a m e , a n d g r a s s e s h a v e s h o w n be t t e r r e s p o n s e s t o fert i l izer t h a n
l e g u m e s , s u c h a s m o t h b e a n , m u n g b e a n , a n d c lus te r b e a n . Yield r e s p o n s e o f pea r l
mi l l e t to N fert i l izer w a s 7 .5 -18 k g ; o f s e s a m e , 4 .0-14.7 kg . A g g a r w a l a n d
V e n k a t e s w a r l u (1989) f o u n d t h e fo l lowing y ie ld r e s p o n s e s to P app l i ca t ion : 4 . 2 -
5.3 k g i n c lus te r b e a n ; 1.4-4.1 k g i n m u n g b e a n ; 0 -0 .09 k g i n m o t h bean ; 1.3-17.1
k g i n p e a r l mil le t ; a n d 1.0-2.7 k g i n s e s a m e .
Genera l ly , c r o p r e s p o n s e to n u t r i e n t s i s c o n s i d e r e d solely in t e r m s o f g r a i n
y ie ld ; h o w e v e r , i n a r i d a r ea s , c r o p b y p r o d u c t s a l so fetch g o o d p r i ces a n d , e v e n i n
y e a r s o f s u b n o r m a l r a in s , g r a i n a n d s t r a w toge the r c a n cover n u t r i e n t costs . S t r a w
yie ld s h o u l d therefore f o r m an i n d i s p e n s a b l e p a r t o f a n y e c o n o m i c ana lys i s for
c o m p u t a t i o n of n u t r i e n t - u s e efficiency of t h e d r y l a n d c r o p s of th is reg ion .
Use of organic material
T h e m o s t i m p o r t a n t p r ac t i ce i n i n d i g e n o u s n u t r i e n t m a n a g e m e n t i s t h e u s e o f
f a r m y a r d m a n u r e (FYM). Bes ides i nc r ea s ing c r o p y ie lds , FYM i m p r o v e s soil
p h y s i c o c h e m i c a l charac te r i s t i cs , e n a b l i n g t h e c r o p t o w i t h s t a n d u n f a v o r a b l e
w e a t h e r c o n d i t i o n s a n d a l so benef i t ing s u c c e e d i n g c rops .
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F a r m y a r d m a n u r e c o n t a i n s a b o u t 0 .3% N , 0.2% P , a n d 0 .3% K . T h e a r i d r e g i o n
as a w h o l e h a s t h e p o t e n t i a l for p r o d u c i n g a b o u t 19 mi l l ion t o n s o f d u n g annua l ly ,
c o n t a i n i n g a p p r o x i m a t e l y 3.5 mi l l i on t o n s o f o r g a n i c m a t t e r a n d 0.02 mi l l i on t o n s
of soi l n u t r i e n t s (Kalla e t a l . 1978). Of t h e 19 mi l l ion t o n s , 12.4 mi l l ion t o n s a r e u s e d
for m a n u r e , 5.57 mi l l i on t o n s for d u n g cake , a n d 0.56 mi l l ion t o n s t o p l a s t e r m u d
w a l l s a n d f loors of t h e jhupas (hu t s ) .
S i n g h e t a l . (1981) o b s e r v e d t h e effect o f FYM on g r a i n y ie ld o f p e a r l mi l l e t o v e r
5 y e a r s (1975-79) . A g r a i n y i e ld of 1.5 t ha - 1 w a s o b t a i n e d w i t h 20 t of F Y M a l o n e ;
h o w e v e r , t h e s a m e y ie ld w a s o b t a i n e d w i t h o n l y 10 t o f FYM w h e n i t w a s
c o m b i n e d w i t h 10 kg ha - 1 N .
T h e p r ac t i c e o f b i a n n u a l FYM a p p l i c a t i o n i s v e r y o ld a n d i s fo l lowed b y
f a r m e r s w h o h a v e e n o u g h a n i m a l s t o p r o v i d e t h e d u n g . F a r m y a r d m a n u r e h a s
l o n g t e r m r e s i d u a l effects; t h u s , i ts i n c o r p o r a t i o n i n t h e n u t r i e n t a p p l i c a t i o n
s c h e d u l e m a y h e l p e v o l v e a s u s t a i n a b l e s y s t e m o f n u t r i e n t m a n a g e m e n t .
O t h e r a n i m a l w a s t e f rom s l a u g h t e r h o u s e s , d r i e d b l o o d , b o n e m e a l , etc. , a r e n o t
g e n e r a l l y u s e d a s o r g a n i c m a n u r e i n th i s r eg ion , b e c a u s e o f re l ig ious s e n t i m e n t s .
O i l cakes a r e s e l d o m u s e d a s m a n u r e b u t a r e u t i l i zed a s concen t r a t e s f o r ca t t le
feed.
Crop M i x e s a n d Various Enterprise M i x e s
M i x e d c r o p p i n g i s t h e s o w i n g o f o n e m a i n c r o p a n d o n e o r t w o s u b s i d i a r y c r o p s ,
t h e s e e d b e i n g m i x e d a n d s o w n t o g e t h e r i n t h e s a m e field. I n ra infed c o n d i t i o n s ,
p e a r l mi l le t i s u s u a l l y s o w n t o g e t h e r w i t h m u n g b e a n , m o t h b e a n , a n d s e s a m e . I n
t h e p o s t r a i n y s ea son , w h e a t + ch ickpea , m u s t a r d + ch ickpea , w h e a t + bar ley , etc. ,
a r e a l so g r o w n a s m i x e d c rops .
I n th i s m i x e d - c r o p p i n g context , different r o o t i n g p a t t e r n s a n d m a t u r i t y p e r i o d s
o f v a r i o u s c r o p s a s s u m e i m p o r t a n c e . I n t h e m i x e d s y s t e m , c r o p s wi l l be t t e r u t i l i ze
t h e ava i l ab l e n u t r i e n t s a n d soil m o i s t u r e b e c a u s e o f r e d u c e d c o m p e t i t i o n effects.
T h e f a r m e r ' s s e e d m i x gene ra l l y c h a n g e s f rom t rac t t o t rac t d u e t o different soi l
t y p e s a n d o t h e r a s soc ia t ed ecologica l factors . T h e p r o p o r t i o n o f different c r o p s i n
t h e s e e d m i x i s n o t fixed, a n d i t va r i e s a c c o r d i n g t o t h e a n t i c i p a t e d season . I t i s
difficult t o d e t e r m i n e t h e p r o p o r t i o n o f t h e p r o d u c t in r e l a t ion to t h e p r o p o r t i o n o f
t h e s e e d in t h e s e e d m i x t u r e . A c lear u n d e r s t a n d i n g o f t h e p roces s i n v o l v e d in
m i x e d c r o p p i n g a n d t h e logic b e h i n d th i s age -o ld p rac t i ce c a n p r o v i d e v a l u a b l e
i n s i g h t s i n to n u t r i e n t m a n a g e m e n t a n d i ts e c o n o m i c feasibility.
Crop Rota t ions a n d Cultural Practices
L e g u m e s h a v e a l w a y s p l a y e d a n i m p o r t a n t ro le i n c r o p p i n g s y s t e m s i n t h e
a g r i c u l t u r e o f m o s t a n c i e n t c iv i l iza t ions (e.g., I n d i a n , Greek , E g y p t i a n , R o m a n ,
C h i n e s e ) . I nc lu s ion o f l e g u m e c r o p s in r o t a t i o n s h e l p s f ix a t m o s p h e r i c N a n d
b u i l d u p o r g a n i c r e s e r v e s i n t h e soil . L e g u m e s fo l lowed b y p e a r l mi l le t i n a 
n o r m a l ra infal l p e r i o d f i x 2 0 k g h a - 1 N , w h i c h c a n h e l p r e d u c e t h e q u a n t i t y o f
fer t i l izer r e q u i r e d t h e n e x t year .
5 1
S o m e t i m e s h e a v y r a i n s t h a t occu r jus t after s o w i n g m a y h a m p e r s e e d l i n g
e m e r g e n c e , r e q u i r i n g cu l t u r a l o p e r a t i o n s (locally k n o w n as rhode) t o b r e a k t h e soil
c r u s t a n d h e l p t h e s e e d l i n g s e m e r g e . F o r m a t i o n o f a sur face c rus t c a n be c h e c k e d
b y a p p l y i n g F Y M o v e r t h e s e e d , w h i c h k e e p s t h e sur face l ayer m o i s t a n d p o r o u s .
T h e r e c o m m e n d a t i o n for th i s p u r p o s e i s 2 t FYM ha - 1 ; h o w e v e r , th is i s of ten n o t
ava i l ab le . A g a i n , b y e rec t ion o f phys i ca l b a r r i e r s a g a i n s t t h e w i n d , soil e r o s i o n c a n
be c h e c k e d a n d b u r i a l o f s e e d l i n g s (locally cal led relana) p r e v e n t e d . T h e
t r a d i t i o n a l s y s t e m s , s u c h as math ( s tabi l ized field b o u n d a r y w i t h n a t u r a l
v e g e t a t i o n ) a n d carta ( smal l v e g e t a t i v e b a r r i e r s w i t h d e a d b u s h e s ) b u n d i n g , c a n
h e l p t o a c h i e v e th i s object ive. Al l t h e s e p rac t i ces c a n h e l p i n be t t e r n u t r i e n t
m a n a g e m e n t i n th i s r eg ion .
M a n a g e m e n t o f C r o p R e s i d u e a n d N u t r i e n t R e s i d u a l E f f e c t s
U t i l i z a t i o n o f c r o p r e s i d u e s i s p a r t a n d pa rce l o f n u t r i e n t m a n a g e m e n t . C r o p
r e s i d u e s p l o w e d i n t o t h e f i e ld a d d t o soil o rgan i c mat te r , benef i t ing t he g r o w t h o f
s u b s e q u e n t c r o p s . E v e n w e e d s , s u c h as Digera muricata a n d Cleome viscosa, h a v e a 
h i g h N (4.5%), P (0.25%), a n d K (3.5%) con t en t a n d , if b u r i e d , c a n h e l p to e n r i c h
soil fertility. H o w e v e r , to i m p r o v e n u t r i e n t - u s e efficiency, i t i s i m p e r a t i v e to a v o i d
w e e d - c r o p c o m p e t i t i o n a t cr i t ical c r o p p h a s e s .
Alternat ive Land-use S y s t e m s
Agrofores t ry , s i lv ipas to ra l , h o r t i p a s t o r a l , a n d a g r o h o r t i c u l t u r a l s y s t e m s a n d
a n i m a l s w i t h i n t h e s y s t e m s al l h e l p i n n u t r i e n t m a n a g e m e n t o f soil a n d a re of ten
c o m p l e m e n t a r y . I t i s w o r t h w h i l e col lec t ing d a t a on t h e s e a l t e rna t ive l a n d u s e s , for
t h e y h e l p m a i n t a i n soi l ferti l i ty a n d wi l l e v e n t u a l l y b r i n g p r o s p e r i t y a n d
e c o n o m i c s tab i l i ty to t h e r u r a l m a s s e s o f th i s reg ion .
Biofert i l izers a n d Vermiculture
Biofer t i l izers , s u c h as Azotobacter a n d Rhizobium cu l tu res , a re c h e a p sources of
n u t r i e n t s for m a i n t a i n i n g soi l fertility. O n e p a c k e t o f bioferti l izer, w h i c h wi l l
i nc r ea se p r o d u c t i o n by 10-15%, cos t s o n l y a b o u t Rs . 10. T h e cost:benefit r a t io in
th i s a p p l i c a t i o n w a s 1:10.
V e r m i c u l t u r e u s e s e a r t h w o r m s t o p u l v e r i z e t h e soil , m a k i n g i t m o r e friable.
E a r t h w o r m s a d d h u m u s t o t h e soil , t h e r e b y inc reas ing i ts w a t e r - h o l d i n g capaci ty.
C o n c l u s i o n
N u t r i e n t m a n a g e m e n t c a n b e de f ined a s n o u r i s h i n g o f b i o m a s s u n d e r n a t u r a l
r e s o u r c e s (soil , wa te r , a n d air) for i n t e g r a t e d f a r m i n g s y s t e m s t h a t w o u l d foster an
ecof r i end ly e n v i r o n m e n t a n d , u s e d w i t h n e w l y d e v e l o p e d t echno log ies , w o u l d
e n a b l e s u s t a i n a b l e ag r i cu l t u r a l p r o d u c t i o n .
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Technology Transfer in Rajasthan through the
Department of Agriculture
R C Garg
1
Abstract
The role of the Rajasthan State Department of Agriculture in the transfer of technology 
from research station to the farmer is reviewed. The state is divided into nine 
agroclimatic zones to facilitate area-specific recommendations for cropping systems 
involving cereal pulse, and oilseed crops. Research results are tested at the adaptive trial 
centers of the state government and in on-farm trials. The area under improved varieties 
of pearl millet, pulses, and oilseeds has increased significantly in the arid region. 
Introduct ion
T h e a r i d r eg ions o f Ra jas than a re charac te r i zed by ex t r eme t e m p e r a t u r e s , l o w
re la t ive h u m i d i t y , s e v e r e d r o u g h t , e r ra t ic a n d low rainfall , a n d h i g h w i n d
veloci t ies . T h e m e a n a r id i t y i n d e x in these a reas i s 78%, w i t h a m e a n w i n d veloci ty
o f 20 k m p h d u r i n g Apr i l , May, June , a n d July, w h i c h causes significant w i n d
eros ion . M e a n a n n u a l rainfall r a n g e s f rom 424 m m i n Pali o n t h e ea s t e rn b o r d e r o f
t h e a r i d z o n e t o 185 mm in Ja i sa lmer on the w e s t e r n border . Of t h e total rainfall ,
91-96% i s r ece ived d u r i n g the s o u t h w e s t m o n s o o n , f rom J u n e to September .
T h r e e t y p e s o f a b e r r a n t w e a t h e r c rea te p r o b l e m s i n c r o p p i n g t i n d e r t he se
c o n d i t i o n s : d e l a y e d o n s e t o f m o n s o o n , l o n g g a p s i n rainfal l , a n d ea r ly t e r m i n a t i o n
of r a in s . S o m e i m p o r t a n t m e a s u r e s to c o u n t e r these p r o b l e m s a r e (1) t he u s e o f
s u i t a b l e c r o p s a n d c r o p var ie t i es ; (2) cu l tu ra l o p e r a t i o n s , s u c h a s t h i n n i n g , h o e i n g ,
a n d w e e d i n g ; (3) t o p d r e s s i n g a n d s p r a y i n g o f u r e a ; (4) m o i s t u r e conse rva t ion ; a n d
(5) efficient u s e of p r e c i p i t a t i o n a n d s t o r e d soil m o i s t u r e .
Yields o b t a i n e d f rom ra in fed l a n d s a r e l o w a n d h i g h l y u n s t a b l e . I t i s i m p o r t a n t
t o i nc r ea se p r o d u c t i v i t y d u r i n g g o o d rainfal l s e a s o n s a n d t o s tabi l ize p r o d u c t i o n
i n y e a r s o f n o r m a l a n d s u b n o r m a l rainfall .
D e v e l o p m e n t o f Fertil izer R e c o m m e n d a t i o n s
T h e s t a t e o f Ra jas than h a s b e e n d i v i d e d i n t o n i n e agroc l imat ic z o n e s (Table 1), so
t h a t area-specif ic r e c o m m e n d a t i o n s c a n b e m a d e for v a r i o u s c r o p p i n g s y s t e m s ,
1. Rajasthan State Department of Agriculture, Jodhpur Division, Jodhpur 342 302, Rajasthan, India.
Garg, R . C . 1997. Technology transfer in Rajasthan through the Department of Agriculture. Pages 55-61 in From
research station to farmer's field: nutrient management research for millet-based cropping systems of western
Rajasthan; proceedings of a planning workshop, 20-22 May 1996, Jodhpur, India (Seeling, B., and Joshi, N.L., eds.).
Patancheru 502 324, Andhra Pradesh, India: International Crops Research Institute for the Semi-Arid Tropics and
Jodhpur 342 003, Rajasthan, India: Central Arid Zone Research Institute.
55
Table 1. Agroc l imat ic z o n e s of Rajasthan, India.
A g r o c l i m a t i c z o n e A r e a s c o v e r e d
Ia A r i d W e s t e r n P l a i n All tehs i l s o f Bikaner , Ja isa lmer , a n d B a r m e r
(Area 1 243 700 h a ) dis t r ic ts ; P h a l o d i , She rga rh , Os i an , a n d
J o d h p u r tehs i ls o f J o d h p u r dis t r ic t ;
D u n g e r g a r h , Su jangarh , R a t a n g a r h , a n d
S a r d a r s h a r tehsi ls o f C h u r u dis t r ic t
Ib I r r i ga t ed N o r t h P l a in
(Area 206 300 h a )
Al l tehsi ls of S r i g a n g a n a g a r d is t r ic t
IIa Trans i t iona l P l a i n of Al l tehs i ls o f N a g a u r , Sikar, a n d J h u n j h u n u
I n l a n d D r a i n a g e dis t r ic ts ; Taranagar , C h u r u , a n d Rajgarh tehsi ls
(Area 369 300 ha ) of C h u r u dis t r ic t
IIb Trans i t iona l P l a i n of Al l tehs i l s of Jalore a n d Pal i d is t r ic ts ; Reodha r ,
L u n i Bas in Sirohi , a n d Sheogan j of Sirohi dis tr ict ; Bilara
(Area 294 200 h a ) a n d B h o p a l g a r h tehs i ls o f J o d h p u r d is t r ic t
IIIa S e m i - a r i d E a s t e r n
P l a i n
(Area 2 948 000 ha )
Al l tehs i l s of Ajmer, Ja ipur , a n d Tonk d is t r ic t s
IIIb F l o o d P r o n e E a s t e r n All t ehsh i l s o f Alwar , Bhara tpu r , a n d D h o l p u r
P l a i n dis t r ic t s ; M a h a u w a , Toda-Bhim, H i n d u n ,
(Area 2 368 000 h a ) N a d a u t i m B a m a n w a s , G a n g a p u r , Karol i
Sapo t r a , a n d Bonli tehsi ls o f S a w a i m a d h o p u r
dis t r ic t
IVa S u b - h u m i d S o u t h e r n All tehs i l s o f B h i l w a r a a n d R a j s a m a n d
P l a i n a n d A r a v a l l i d is t r ic t s ; all tehsi ls excep t D h a r i y a v a d ,
H i l l s S a l u m b a r , a n d S a r a d a o f U d a i p u r dis t r ic t ; all
(Area 3 359 000 ha ) tehs i l s excep t C h h o t i s a d r i , P r a t a p g a r h , A r n o d ,
a n d Bad i sad r i o f C h i t o r g a r h dis t r ic t ; A b u R o a d
a n d P i n d w a r a tehs i l s o f Si rohi d is t r ic t
IVb H u m i d S o u t h e r n A l l tehs i ls o f B a n s w a r a a n d D u n g a r p u r
P l a i n dis t r ic t s ; C h h o t i s a d r i , Bad i sad r i , P r a t a p g a r h ,
(Area 1 721 000 h a ) a n d A m o d tehs i ls o f C h i t o r g a r h dis t r ic t ;
D h a r i y a v a d , S a l u m b a r , a n d S a r a d a tehsi ls o f
U d a i p u r d is t r ic t
V H u m i d S o u t h E a s t e r n All tehs i l s o f B u n d i , Kota , Bara , a n d J h a l a w a r
P l a in d is t r ic t s ; K h a n d a r a n d S a w a i m a d h o p u r tehs i ls
o f S a w a i m a d h o p u r d is t r ic t
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a n d m i c r o f a r m i n g s y s t e m s c a n b e d e v e l o p e d . T h e Di rec tora te o f Research ,
Ra ja s than A g r i c u l t u r a l Univers i ty , a n d t h e S ta t e D e p a r t m e n t o f A g r i c u l t u r e joint ly
f o r m u l a t e r e s e a r c h p r o g r a m s o f d i rec t u t i l i ty to t he f a rmers in different z o n e s .
R e s e a r c h r e su l t s f rom v a r i o u s s t a t i o n s a re tes ted a t t h e a d a p t i v e tr ial c en t e r s
(ATCs) of t h e s t a t e g o v e r n m e n t a t R a m p u r a ( Jodhpu r ) fo r agroc l imat ic z o n e Ia
a n d a t S u m e r p u r (Pali) for z o n e I Ib . Resu l t s a re a lso t e s t ed in f a r m e r s ' f ields.
Finally, t h e y a r e t r an s l a t ed in to r e c o m m e n d a t i o n s for fa rmers .
P e a r l mi l le t i s s o w n o n a b o u t 2.5 mi l l ion hec ta res i n J o d h p u r d iv i s ion , o n l y
16 284 ha of w h i c h a r e i r r iga ted . Similarly, m a i z e i s s o w n on 53 843 ha , o f w h i c h
o n l y 5101 ha a r e i r r iga t ed . M e a n y ie ld o f p e a r l mi l le t i n 1 9 9 3 / 9 4 w a s 115 kg ha - 1 ; i n
1 9 9 4 / 9 5 , i t w a s 431 kg ha - 1 . M a i z e y i e ld s w e r e 338 kg ha - 1 i n 1 9 9 3 / 9 4 a n d 512 kg
ha - 1 i n 1 9 9 4 / 9 5 . T h e m e a n y ie ld o f r a iny - sea son p u l s e s d u r i n g 1 9 9 3 / 9 4 w a s 87 kg
ha - 1 ; y ie ld forecast for 1 9 9 4 / 9 5 w a s 338 kg ha - 1 .
I n t h e s e h a r s h ag roc l ima t i c c o n d i t i o n s , t he D e p a r t m e n t o f A g r i c u l t u r e i s t r y i n g
to s tab i l ize t h e p r o d u c t i v i t y o f cereal , p u l s e , a n d o i l seed c r o p s by d i s t r i b u t i n g
h i g h - y i e l d i n g , s h o r t - d u r a t i o n va r i e t i e s a n d b y p r o m o t i n g fertility m a n a g e m e n t
a n d b a l a n c e d u s e o f fertilizer, b a s e d o n soil tes t a n d w a t e r m a n a g e m e n t .
In t h e last 5 y e a r s , 27 p e a r l mi l le t va r ie t i e s h a v e b e e n u n d e r test a t t he ATCs
a n d in f a r m e r s ' f i e lds ; Table 2 s u m m a r i z e s t h e p e r f o r m a n c e of t h e l e a d i n g
var ie t i e s . I n g e n e r a l , t h e h y b r i d s o u t y i e l d t h e c o m p o s i t e s , d e s p i t e the i r gene ra l l y
Table 2 . Grain y i e l d s o f pearl mi l l e t cm-station a n d in farmers' f i e lds in t w o
agrocl imat ic z o n e s o f Rajasthan, India , 1991-95 .
Yield (kg ha - 1 )
Z o n e Ia Z o n e I I b
R a n g e
Pea r l
mi l le t
v a r i e t y ATC(R) 1
Minik i t
d e m o n s -
t r a t i o n s 2 ATC(R) 1
Minik i t
d e m o n s -
t r a t i o n s 2
D u r a t i o n
(days)
H y b r i d
M H 179 874 858 849 1125 4 3 0 - 1 8 1 2 8 0 - 8 5
M H B 67 903 570 964 965 4 0 5 - 1 7 8 4 6 0 - 6 5
R H B 30 743 - 768 - 3 3 - 149 7 0 - 7 5
H H B 60 934 - - - 555 -1956 6 0 - 6 5
C o m p o s i t e
M P 171 811
-
489
-
3 8 - 174 8 0 - 9 0
W C C 75 685 - 486 - 2 6 - 1 5 8 9 8 0 - 9 0
RCB 2 720 - - - 3 5 3 - 1 4 6 5 8 0 - 9 0
1. ATC = Adaptive Trial Centre, Rajasthan Department of Agriculture: R = Rampura, Jodhpur district (35 locations);
S = Sumerpur, Pali district (30 locations).
2. Farmers' fields.
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l o n g e r du ra t i on . I n z o n e I Ib , H H B 67 a n d MH 179 p e r f o r a t e d best ; i n z o n e I a ,
H H B 6 0 a n d H H B 6 7 - w h i c h m a t u r e i n 6 0 - 6 5 d a y s , t h u s sa t i s fy ing t h e f a rmer s '
r e q u i r e m e n t fo r a f a s t - m a t u r i n g , h i g h - y i e l d i n g v a r i e t y — d i d w e l l .
Of t h e c o m p o s i t e s , MP 171 d i d bes t in b o t h z o n e s Ia a n d I Ib , w h i l e RCB 2 a n d
W C C 7 5 a l so p e r f o r m e d wel l . T h e m i n i k i t d e m o n s t r a t i o n s con f i rmed t h e
s u p e r i o r i t y o f M H 179 a n d H H B 67, T h u s overa l l , H H B 60, H H B 67, a n d M H 179
w e r e t h e b e s t - p e r f o r m i n g var ie t ies , w i t h t h e differences b e t w e e n t h e m
a t t r i b u t a b l e t o soi l ferti l i ty a n d m o i s t u r e va r i a t i ons .
A d a p t a b i l i t y Test ing o f L e g u m e and S e s a m e Varieties
P r o m i s i n g va r i e t i e s o f t h r e e l e g u m e s — m o t h b e a n , c lus ter b e a n , a n d m u n g b e a n —
a n d o n e o i l seed ( s e same) h a v e b e e n t e s t ed o v e r t h e las t 5 yea r s .
O f t h e e i g h t va r i e t i e s o f m o t h b e a n t e s ted , R M O 4 0 p e r f o r m e d best , c o m b i n i n g
g o o d g r a i n y ie ld (385 k g ha - 1 ) a n d ea r ly m a t u r i t y ( 6 0 - 6 5 d a y s ) (Table 3).
Table 3 . Gra in y i e l d s o f e ight m o t h b e a n var iet ies , Rajasthan, India , 1991-95.
Varie ty
Yield (kg ha - 1 )
D u r a t i o n
(days)
A v e r a g e
(1991-95)
R a n g e
(30 locat ions)
R M O 40 380 3 1 4 - 4 7 3 6 0 - 6 5
M a r u 307 2 4 0 - 4 7 4 6 5 - 7 0
J a w a l a 290 2 8 7 - 4 8 5 7 5 - 8 0
R M 0 256 334 6 5 - 7 0
R M 0 257 300 6 8 - 7 0
I P C M O 880 371 2 8 8 - 5 0 7 7 0 - 7 5
S u v i d h a w a s t h e bes t o f t h e six c lus ter b e a n var ie t i es in z o n e I a a n d R G C 936 in
z o n e I Ib . Bo th va r i e t i e s a r e e a r l y - m a t u r i n g ( 6 5 - 7 0 d a y s ) a n d g a v e g o o d y ie lds i n
b o t h z o n e s . Var ie ty N a v e e n a l so y i e l d e d we l l i n b o t h z o n e s (Table 4).
Table 4 . Gra in y i e l d s o f s ix c luster b e a n variet ies in t w o agrocl imatic z o n e s o f
Rajasthan, India , 1991-95 ,
A v e r a g e y ie ld (kg ha - 1 )
R a n g e
(kg ha - 1 )
D u r a t i o n
(days)Var ie ty Z o n e Ia Z o n e I Ib
D Safed 305 288 138-338 8 0 - 8 5
D Jai 328 2 0 0 - 3 9 4 8 0 - 8 5
S u v i d h a 342 1 3 - 4 8 8 6 5 - 7 0
R G C 936 316 407 6 5 - 6 2 6 6 5 - 7 0
N a v e e n 416 333 7 - 5 5 0 7 5 - 8 0
M o n a 271 1 7 - 2 5 6 7 5 - 8 0
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T h e m u n g b e a n va r i e ty K 851 h a d t h e h i g h e s t a v e r a g e y ie ld , f o l l o w e d b y R M G
11(R) (Table 5). Al l t h r ee of t h e va r i e t i e s t e s t ed a re h i g h e r y i e l d i n g t h a n t h e local
cul t ivar .
Table 5 . Grain y i e l d s o f i m p r o v e d m u n g b e a n variet ies , Rajasthan, 1991—95.
Yield (kg ha - 1 )
Var ie ty A v e r a g e 1 R a n g e
R M G 11(R)
R M G 286
K 851
Local
494
481
559
444
2 8 7 - 7 2 0
2 5 9 - 7 0 3
3 0 5 - 8 0 0
2 5 0 - 6 3 8
1. Over 15 locations.
Five s e s a m e va r i e t i e s w e r e tes ted , a n d RT 46 w a s t h e bes t i n t e r m s o f y ie ld (503
kg ha - 1 ) a n d ea r ly m a t u r i t y (70-75 d a y s ) in z o n e Ia (Table 6). Ex t r a - sho r t -du ra t i on
var i e t i e s a r e n e e d e d t o m a t c h t h e s h o r t rainfal l season .
Table 6 . Yie lds of f ive s e s a m e variet ies in t w o agrocl imatic z o n e s of Rajasthan,
India , 1991-95 .
A v e r a g e y ie ld (kg ha-1)
R a n g e
(kg ha - 1 )
D u r a t i o n
(days )Var ie ty Z o n e Ia Z o n e I I b
T C 25 447 447 172-767 9 0 - 1 0 0
RT 46 503 366 198-593 7 0 - 75
RT 125 128 260 172-580 7 5 - 80
RT 103 168 146 131-428 7 5 - 80
RT 54 380 376 2 1 4 - 4 2 8 7 5 - 80
Performance in A d a p t i v e Trials
T h e r e w a s a c lear r e s p o n s e o f p e a r l mi l le t to a d d e d n i t r o g e n o u s ferti l izer d u r i n g
t h e p e r i o d 1991-94 (Table 7). T h e h i g h e s t y i e lds w e r e f rom spl i t app l i c a t i on s
to t a l i ng 40 kg ha - 1 N. A d e m o n s t r a t i o n w a s la id o u t in 1993 ove r a r a n g e of s i tes ,
w i t h 20 kg N h a - 1 a p p l i e d basal ly. Yields a r e r e p o r t e d , a l t h o u g h t h e r e s p o n s i v e -
n e s s a n d e c o n o m i c s a r e no t .
S o l e - c r o p p e d p e a r l m i l l e t v a r i e t y H H B 6 7 g a v e t h e h i g h e s t y ie ld (2375 k g ha - 1 )
w h e n r o w s w e r e s p a c e d a t 60 c m ; h o w e v e r , d a t a a re for 1 y e a r only, a t o n e
loca t ion .
W h e n p e a r l mi l l e t w a s i n t e r c r o p p e d w i t h m u n g b e a n , a 2:1 r a t io w a s f o u n d t h e
m o s t p r o d u c t i v e , t h o u g h less s o t h a n so l e - c ropped pea r l mil le t . T h e bes t m i x t u r e
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Table 7 . R e s p o n s e of pearl m i l l e t to n i trogen in t w o agrocl imatic z o n e s of
Rajasthan, India , 1991-94 .
N a p p l i e d
(kg ha - 1 )
A T C Ia1 D e m o n s t r a t i o n
H H B 67 H H B 6 7 M H 179
0 662
20 ( 1 / 2 B + 1 / 2 T D ) 2 869
20 (TD) 795
1 0 ( B ) 765
2 0 ( B ) - 5 7 0 - 1 0 9 3 7 5 0 - 9 7 5
40 ( 1 / 2 B + 1 /2 TD) 1099
1. ATC = Adaptive Trial Centre.
2. B = basal application; TD = top dressing at 30-40 days after sowing.
for p e a r l mi l le t , w h i c h d i d n o t r e d u c e y ie lds , w a s w i t h e i ther m o t h b e a n o r m u n g
b e a n .
T h e r e c o m m e n d a t i o n s r e s u l t i n g f r o m th is w o r k a r e tha t i n l ight soils w i t h
s c a n t y r a i n f a l l p e a r l mi l le t va r i e ty H H B 67 s h o u l d be g r o w n , a t a 60-cm spac ing .
F o r z o n e I a , p e a r l mi l l e t s h o u l d be m i x e d w i t h m o t h b e a n ; for z o n e I Ib , on h e a v y
soi ls , p e a r l mi l le t s h o u l d b e m i x e d w i t h m u n g b e a n .
T h e h i g h e s t g r o s s i n c o m e (Rs. 9500 ha - 1 ) w a s o b t a i n e d f rom so l e - c ropped pea r l
mi l l e t s o w n at a r o w s p a c i n g of 60 cm; t he s e c o n d h i g h e s t (Rs. 6908 ha - 1 ) , f rom a 
p e a r l mi l le t + m o t h b e a n m i x t u r e . Pea r l mi l l e t s o w n in a m i x t u r e w i t h m o t h b e a n ,
c lus te r b e a n , m u n g b e a n , a n d s e s a m e g a v e the lowes t i n c o m e (Rs 4569 ha - 1 ) .
Ferti l izer M a n a g e m e n t in Relat ion to Soi l Test
Fer t i l i zer a p p l i c a t i o n b a s e d o n specific soi l- test r e c o m m e n d a t i o n s w a s m o r e
p r o d u c t i v e t h a n t h a t b a s e d o n g e n e r a l i z e d d e p a r t m e n t a l r e c o m m e n d a t i o n s : pea r l
mi l le t , m o t h b e a n , a n d m u n g b e a n y i e ld s w e r e all h i g h e r — p e a r l mi l le t m o r e
m a r k e d l y t h a n t h e l e g u m e s — w h e n ferti l izer w a s a p p l i e d a c c o r d i n g t o soil test
r e c o m m e n d a t i o n s .
I m p l e m e n t a t i o n o f Program
T h e e x t e n s i o n w i n g o f t h e D e p a r t m e n t o f Agr i cu l t u r e , u n d e r v a r i o u s cen t ra l a n d
s t a t e g o v e r n m e n t s c h e m e s , o r g a n i z e s d e m o n s t r a t i o n s o f e a r l y - m a t u r i n g , h igh -
y i e l d i n g h y b r i d a n d c o m p o s i t e va r i e t i e s o f p u l s e s , o i l seeds , sma l l mi l le ts , a n d
c o a r s e cerea ls .
For a lka l i ne s o i l s / g y p s u m i s d i s t r i b u t e d to f a rmer s as r equ i r ed , t h r o u g h a 
s u b s i d y s c h e m e . H i g h e r y i e ld s h a v e b e e n o b t a i n e d f rom p l o t s t r ea ted w i t h
g y p s u m t h a n from u n t r e a t e d p l o t s .
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A majo r p r o b l e m f a rmer s face in th i s r e g i o n of Ra jas than is t h a t of soi l c ru s t i ng .
T h i s h a m p e r s s e e d l i n g e m e r g e n c e , s o t ha t f a rmer s of ten h a v e t o r e s o w p e a r l mi l le t
a n d s e s a m e t w o o r t h r e e t i m e s i n a s ea son . Th i s p r o b l e m n e e d s t o b e a d d r e s s e d .
Sc ien t i s t s f rom Ra jas than A g r i c u l t u r a l Un ive r s i t y a n d officers o f t h e S ta te
D e p a r t m e n t o f A g r i c u l t u r e d e v e l o p v a r i o u s r e c o m m e n d a t i o n s i n t h e f o r m o f
p a c k a g e s o f p rac t i ce s to be fo l lowed for e a c h s e a s o n ( ra iny a n d p o s t r a i n y ) .
I n s t r u c t i o n b o o k l e t s for t h e s e a r e p r i n t e d a n d d i s t r i b u t e d before t h e s t a r t o f e a c h
s e a s o n t o t h e officers a n d f i e l d w o r k e r s t o h e l p t h e m g u i d e f a rmer s r e g a r d i n g t h e
bes t r e c o m m e n d a t i o n s to follow.
T h e r e g i o n h a s t w o m o b i l e so i l - tes t ing l abora to r i e s a n d o n e s t a t i o n a r y o n e , a n d
f a r m e r s a r e e n c o u r a g e d to a p p l y fert i l izers on t h e bas i s o f soil tes ts . A n o t h e r
l a b o r a t o r y t e s t i n g soi l a n d w a t e r for sa l in i ty a l so p r o v i d e s r e c o m m e n d a t i o n s t o
f a r m e r s for r e m e d i a l m e a s u r e s .
Impact o f Work by the D e p a r t m e n t o f Agriculture
T h e D e p a r t m e n t o f A g r i c u l t u r e h a s b e e n m a k i n g cons i s t en t efforts t o p o p u l a r i z e
t h e u s e o f i m p r o v e d h i g h - y i e l d i n g var ie t i es , fert i l izers , a n d p l a n t p ro t ec t ion
m e a s u r e s . T h e s e h a v e r e s u l t e d i n i n c r e a s e d a d o p t i o n o f h i g h - y i e l d i n g var ie t i es o f
p e a r l mi l l e t to 1628.7 t , of r a i n y - s e a s o n p u l s e s to 212 t , a n d of e d i b l e o i l seeds to
65.2 t d u r i n g t h e 1995 r a i n y s ea son . Fer t i l izer u s e h a s a l so i nc r ea sed f rom an
a v e r a g e 1.28 kg ha - 1 in 1990 to 3.84 kg ha - 1 in 1995.
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On-farm Research: Development of Sustainable
Farming Systems for an Arid Ecosystem
H P S i n g h
1
Abstract
On-farm farming systems research is considered as an approach to controlling 
desertification in the Indian Thar Desert through participatory technology development 
and transfer Livestock management is emphasized as the central component of the 
farming system for increasing productivity on a sustainable basis. The paper stresses the 
need to use indigenous technical knowledge and to integrate all components of the 
system—arable farming, alternative land-use systems, and management of livestock, 
wastelands, and common property resources—to develop prototype models of desert 
agriculture that can be replicated in developmental programs. 
T h e Scenario
T h e T h a r d e s e r t i n n o r t h w e s t e r n Ind ia r e p r e s e n t s o n e o f t he h a r s h e s t
agroeco log ica l e n v i r o n m e n t s i n t h e count ry . L o w rainfall , sh i f t ing s a n d d u n e s ,
s a n d y h u m m o c k y soi ls , w i n d e ros ion , a n d r e c u r r i n g d r o u g h t s h a v e b e e n d r i v i n g
t h e f a r m e r s t o total d e s p o n d e n c y M a n y s m a l l h o l d e r s a p p e a r r e s igned t o l iv ing a t
o r b e l o w t h e p o v e r t y l ine , p r ac t i c ing subs i s t ence f a r m i n g on a fragile r e s o u r c e
base . T h e s cena r io h a s b e c o m e w o r s e i n s o m e s i t ua t i ons d u e t o n a t u r a l r e sou rce
c o n s t r a i n t s o n t h e o n e h a n d a n d l a n d a b u s e o n the other . P e o p l e i n the i r q u e s t for
l i ve l i hoods a r e d r i v e n t o look a t w h a t i s ava i l ab le today , w i t h c o m p l e t e d i s r e g a r d
for pos te r i ty . E x t e n d i n g cu l t i va t i on t o m a r g i n a l a n d s u b m a r g i n a l l a n d s ,
o v e r g r a z i n g of v i l lage c o m m o n s , a n d i n d i s c r i m i n a t e c u t t i n g of v e g e t a t i o n for
f o d d e r a n d fuel a r e t h e eas ies t o p t i o n s ava i lab le . Al l o f t he se acce le ra te t h e
p r o c e s s of dese r t i f i ca t ion in m a n y loca t ions of t h e Thar . I f t hese p rac t i ces c o n t i n u e
w i t h o u t s u i t a b l e i n t e r v e n t i o n s , t h e d a m a g e m a y b e c o m e i r revers ib le (S ingh 1995).
T h u s t h e p r e s e n t p r o d u c t i o n s y s t e m i s n o t sus t a inab le . A s F igu re 1 s h o w s , t h e r e
w a s n o p e r c e p t i b l e i n c r e a s e i n t h e y ie lds o f d r y l a n d p e a r l mi l le t , t h e p r i n c i p a l
c r o p of th i s r eg ion , o v e r a 30-year p e r i o d .
A n i m a l h u s b a n d r y h a s b e e n t h e t r ad i t i ona l s o u r c e o f l ive l ihood i n t h e T h a r
d e s e r t T h i s r e g i o n w a s e n d o w e d w i t h p r o d u c t i v e a n d h a r d y b r e e d s o f cat t le , s u c h
1. Department of Soil Physics, Central Arid Zone Research Institute (CAZRI), Jodhpur 342 003, Rajasthan, India.
Singh, H.P. 1997. On-farm research: development of sustainable farming systems for an arid ecosystem. Pages 63-69
in From research station to farmer's field: nutrient management research for millet-based cropping systems of
western Rajasthan; proceedings of a planning workshop, 20-22 May 1996, Jodhpur, India (Seeling, B., and Joshi, N.L.,
eds.). Patancheru 502 324, Andhra Pradesh, India: International Crops Research Institute for the Semi-Arid Tropics
and Jodhpur 342 003, Rajasthan, India: Central Arid Zone Research Institute.
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Year
Figure 1. Yield of pearl millet in the Thar Desert region, Rajasthan, India, 1961-1991. 
a s T h a r p a r k a r , K a n k r e g , a n d Rath i , w h i c h , w i t h p r o p e r m a n a g e m e n t , cou ld y ie ld
as m u c h as 8 -10 l i ters o f mi lk p e r day.
F a l l o w i n g w a s a t r ad i t iona l p rac t ice . Un t i l t h e 1950s, l and h o l d i n g s w e r e
g e n e r a l l y l a rge , a n d f a rmer s left 20-25% of thei r h o l d i n g s as t e m p o r a r y fal lows,
u s i n g t h e m a s p r i v a t e g r a z i n g l a n d s . T h e assoc ia ted benefit w a s the e n h a n c e d soil
fertil i ty f rom the a d d i t i o n o f a n i m a l excreta a n d p l a n t r e s idues . Invar iably, c r o p
y ie lds i nc r ea sed w h e n the fa l lows w e r e u s e d for c r o p l a n d s after 3-5 yea r s . Th is
w a s t h e local w i s d o m tha t p r o v i d e d a d e g r e e o f c o m p l e m e n t a r i t y b e t w e e n a rab le
f a r m i n g a n d a n i m a l h u s b a n d r y .
Since t h e 1950s, h o w e v e r , th i s t r ad i t iona l f a rming s y s t e m h a s b e e n u n d e r
inc r ea s ing s t r a in b e c a u s e o f t h e c o n s t a n t g r o w t h i n p o p u l a t i o n ( h u m a n a n d
l ives tock) a n d the s u b d i v i s i o n o f l a n d h o l d i n g s . O v e r g r a z i n g o f v i l lage c o m m o n s
h a s b e c o m e a w a y of life. S m a l l h o l d e r s a n d l and le s s pas to ra l i s t s n o w cons t i tu t e a 
l a rge sec tor o f ru ra l society. T h e p u r i t y o f local b r e e d s h a s g o n e d o w n as l o w as
1 0 - 2 5 % ; c o u p l e d w i t h p o o r forage supp ly , th is h a s r e d u c e d mi lk y i e lds t o 2 - 4
l i ters p e r day . O n c e - r i c h g r a z i n g l a n d s a re n o w a pa the t i c s ight , w i t h h a r d l y
a n y t h i n g t o g r a z e . Bes ides d e g r a d i n g p a s t u r e l a n d s , u n c o n t r o l l e d g r a z i n g h a s
b e c o m e a f o r m i d a b l e b a r r i e r to t h e d e v e l o p m e n t of p e r m a n e n t vege ta l r e sources
o f t rees a n d g r a s s e s to s e r v e a s forage to su s t a in a n d u p g r a d e l ives tock h u s b a n d r y
a n d to con t ro l deser t i f ica t ion .
Rura l c o m m u n i t i e s therefore n e e d to be mob i l i zed to r ecogn ize the g r av i t y of
th is s i t ua t i on a n d d e v e l o p a n e w social o r d e r t o e n s u r e s u s t a i n a b l e l a n d u s e
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(S ingh 1996). D e v e l o p i n g an a p p r o p r i a t e s t r a t e g y for s u c h mob i l i z a t i on calls for a 
cr i t ical r e v i e w o f p a s t e x t e n s i o n efforts t o ident i fy g a p s i n d e l i v e r y
Extens ion a n d D e v e l o p m e n t Efforts
Extension
A g r i c u l t u r a l e x t e n s i o n p r o g r a m s h a v e b e e n r u n for seve ra l d e c a d e s i n w e s t e r n
Ra jas than b y t h e Ra jas than Sta te D e p a r t m e n t s o f A g r i c u l t u r e a n d A n i m a l
H u s b a n d r y . T h e in i t i a t ion o f t h e lab- to- land p r o g r a m i n t h e mid-1970s m a r k e d t h e
b e g i n n i n g o f o r g a n i z e d efforts by t h e I n d i a n C o u n c i l o f Agr i cu l t u r a l Resea rch
(ICAR) in s t i t u t e s in th is a rea . T h e Al l I n d i a C o o r d i n a t e d Resea rch Project for
D r y l a n d A g r i c u l t u r e (AICRPDA) , w h i c h b e g a n in 1970 w i t h a n e t w o r k of 24
ce n t e r s l oca t ed in different agroecologica l r eg ions of t h e count ry , h a d a bui l t - in
e x t e n s i o n m e c h a n i s m o f s i m u l t a n e o u s t e s t ing a n d d i s s e m i n a t i o n o f t e chn o logy
t h r o u g h a s t a t e - r u n p i lo t project .
O p e r a t i o n a l r e s e a r c h
O r g a n i z e d o p e r a t i o n a l r e sea r ch w a s in i t i a ted a t C A Z R I i n 1974. T h e m a i n
object ives w e r e
• Tes t ing of t e c h n o l o g y u n d e r rea l field s i t ua t i ons to ident i fy technologica l ,
o p e r a t i o n a l , a n d soc ioeconomic cons t r a in t s t o i ts a d o p t i o n .
• D e m o n s t r a t i o n of p r o v e n technology.
• C r e a t i o n of a m u l t i p l i e r effect t h r o u g h close i n v o l v e m e n t of f a rmer s , local
b o d i e s , a n d t h e s t a t e e x t e n s i o n n e t w o r k i n t he p r o g r a m .
T h i s o n - f a r m effort, h o w e v e r , c o u l d s e r v e on ly o n e of t h e object ives; i.e.,
d e m o n s t r a t i o n . Th i s a p p r o a c h h a d b e e n successful ly u s e d i n i r r iga ted a r ea s o f t h e
c o u n t r y ; h o w e v e r , th i s m o d e l d i d n o t w o r k for t h e s m a l l h o l d e r s i n p o o r l y
e n d o w e d d r y l a n d a r e a s i n a r i d a n d semi -a r id r eg ions , b e c a u s e o f t h e s ma l l g a i n s
f rom c o m p o n e n t t e chno log i e s u n d e r t h e u n c e r t a i n a n d i n a d e q u a t e w a t e r s u p p l y .
T r a i n i n g
R e c o g n i z i n g t h e p i v o t a l ro le t h a t t r a in ing c a n p l a y i n u p g r a d i n g f a rm
produc t iv i t y , i t w a s s t a r t e d as a r e g u l a r ac t iv i ty a t Ra jas than A g r i c u l t u r a l
U n i v e r s i t y (RAU) a n d m a n y o t h e r s t a t e ag r i cu l tu ra l un ive r s i t i e s i n t h e la te 1960s
a n d ea r ly 1970s. R e g u l a r c o u r s e s for ex t ens ion p e r s o n n e l s t a r t ed a t C A Z R I in 1981.
T r a i n i n g h a s cr i t ical s ignif icance i n th i s d e s e r t a rea , w h e r e l i teracy i s l o w a n d
w h e r e effective m a s s m e d i a i n t e r v e n t i o n i s still i n t h e takeoff s t age . G r e a t e r efforts
a r e r e q u i r e d in th i s a rea , w i t h a focus on cl ient p a r t i c i p a t o r y m e t h o d s .
A r e a d e v e l o p m e n t p r o g r a m s
C o n s i d e r i n g d r o u g h t m a n a g e m e n t a s a n a t i o n a l pr ior i ty , t h e G o v e r n m e n t o f I nd i a
i n i t i a t e d a ma jo r d e v e l o p m e n t a l effort ca l led t h e D r o u g h t P r o n e A r e a s
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P r o g r a m m e (DPAP) i n 1972 (earl ier k n o w n a s t h e Rura l W o r k s P r o g r a m m e ) . A s
m a n y a s 5 4 d is t r ic t s i n t h e c o u n t r y , w i t h p a r t s o f a n o t h e r 1 8 c o n t i g u o u s dis t r ic ts ,
w e r e ident i f ied a s d r o u g h t - p r o n e a n d i n c l u d e d i n t he p r o g r a m , c o v e r i n g nea r ly
12% of t h e c o u n t r y ' s p o p u l a t i o n a n d 20% of i ts g e o g r a p h i c a l area . T h e N a t i o n a l
C o m m i s s i o n on A g r i c u l t u r e in 1974 m a d e a s t r o n g p lea for p l a n n e d d e v e l o p m e n t
o f d e s e r t a r ea s . T h i s l ed to t he l a u n c h i n g o f t h e Dese r t D e v e l o p m e n t P r o g r a m m e
(DDP) i n 1 9 7 7 / 7 8 , focus ing o n afforesta t ion, p a s t u r e d e v e l o p m e n t , soil a n d w a t e r
c o n s e r v a t i o n , a n d d e v e l o p m e n t o f w a t e r r e sou rces for ag r i cu l t u r e a n d d r i n k i n g
w a t e r .
Impact o f Extens ion and D e v e l o p m e n t Programs
A s s t a t e d earl ier , t h e e x t e n s i o n m o d e l u s e d i n t h e d e s e r t w a s essen t ia l ly t h e
d e m o n s t r a t i o n a p p r o a c h successful ly a p p l i e d i n i r r iga ted a reas assoc ia ted w i t h
t h e g r e e n r e v o l u t i o n in th is coun t ry . In t hose a reas , t h e synerg i s t i c effect o f
i m p r o v e d c r o p va r i e t i e s , fert i l izer u s e , a n d w a t e r m a n a g e m e n t led t o a q u a n t u m
j u m p i n p r o d u c t i v i t y T h e N a t i o n a l D e m o n s t r a t i o n P r o g r a m m e , c o u p l e d w i t h t h e
t r a i n i n g a n d vis i t (T&V) s y s t e m , p r o d u c e d d r a m a t i c resu l t s t ha t led t o i n s t an t
a d o p t i o n o f t h e t e c h n o l o g y p a c k a g e o v e r l a rge a reas .
T h i s e x t e n s i o n m o d e l , h o w e v e r , failed t o p r o d u c e e n c o u r a g i n g resu l t s i n r isk-
p r o n e a n d r e s o u r c e - p o o r d r y l a n d a reas . T h e f a rmer s ' in te res t w a s l imi ted t o
rece iv ing free i n p u t s ; o n c e t h e p r o g r a m w a s w i t h d r a w n , t h e f a rmer s r eve r t ed t o
the i r o r ig ina l w a y s .
T h e a rea d e v e l o p m e n t p r o g r a m s , D P A P a n d DDP, w e r e d e s i g n e d t o res to re t he
agroeco log ica l b a l a n c e by con t ro l l ing deser t i f ica t ion a n d a d o p t i n g a w a t e r s h e d
m a n a g e m e n t a p p r o a c h ; h o w e v e r , excep t a t a few loca t ions , t he a c h i e v e m e n t s
w e r e d i s m a l (GOI 1994). Bes ides t h e lack o f an a d e q u a t e r e sea rch b a c k s t o p , t h e
N a t i o n a l C o m m i t t e e o n D P A P a n d DDP, se t u p i n 1988, l is ted t h e fo l lowing
s h o r t c o m i n g s i n t h e p r o g r a m s (GOI 1990):
• Lack of c o n c e p t u a l c lar i ty a b o u t l o n g t e r m a n d s h o r t t e r m object ives.
• I so la t ed a n d s e g m e n t e d p r o g r a m p l a n n i n g a n d i m p l e m e n t a t i o n .
• Lack o f i n t e r sec to ra l c o o r d i n a t i o n a n d l i nkages w i t h o t h e r a rea d e v e l o p m e n t
p r o g r a m s .
• S p r e a d i n g of p r o g r a m s t h in ly o v e r a w i d e a rea .
• A t o p - d o w n a p p r o a c h r e s u l t i n g in p o o r i n v o l v e m e n t of t he s t a k e h o l d e r in
p r o g r a m p l a n n i n g a n d i m p l e m e n t a t i o n .
• Lack of a m u l t i d i s c i p l i n a r y a p p r o a c h in p r o g r a m p l a n n i n g a n d i m p l e m e n t a t i o n .
• I n a d e q u a t e e x t e n s i o n n e t w o r k a t g r a s s roo t s .
• L i m i t a t i o n s to b a c k u p f rom r e sea r ch a n d t r a in ing .
• B u r e a u c r a t i c b i a s t o w a r d s s h o r t t e r m g a i n s , w i t h less a p p r e c i a t i o n of t h e
l o n g t e r m g o a l o f e c o s y s t e m sus ta inabi l i ty .
F r o m t h e i n c e p t i o n o f t h e s e p r o g r a m s up t o 1993, Rs. 14 709 mi l l ion h a d b e e n
i n v e s t e d u n d e r t h e D P A P , c o v e r i n g 5 mi l l ion hec ta res , a n d Rs 4685 mi l l ion u n d e r
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t h e DDP, c o v e r i n g 0 . 4 mi l l i on hec t a re s . Desp i t e t hese h u g e i n v e s t m e n t s , h o w e v e r ,
ecologica l d e g r a d a t i o n h a s c o n t i n u e d u n a b a t e d i n m a n y s u c h a r e a s . F r o m
1 9 9 5 / 9 6 o n w a r d s , i n t o t h e N i n t h F ive Year P l a n ( b e g i n n i n g 1997 /98) , a n a n n u a l
o u t l a y o f Rs . 15 b i l l ion i s p l a n n e d for t he se p r o g r a m s . C o n s i d e r i n g t h e g a p s in
t h e s e p r o g r a m s ident i f ied b y t h e t w o N a t i o n a l C o m m i t t e e s c o n s t i t u t e d i n 1988
a n d 1993, s t e p s n e e d t o b e t a k e n t o rea l ize t h e fullest g a i n s f rom s u c h i n v e s t m e n t s
o n d r o u g h t p roo f ing a n d s u s t a i n a b l e d e v e l o p m e n t o f d r y l a n d eco reg ions .
Farming S y s t e m s Research
Of la te , i t h a s b e e n inc reas ing ly r eco gn i zed t h a t i t i s ex t r eme ly difficult t o d e v e l o p
s u s t a i n a b l e t e c h n o l o g y for t h e h e t e r o g e n e o u s agroecologica l a n d soc ioeconomic
c o n d i t i o n s o f s m a l l h o l d e r s i n a r id a n d semi -a r id r eg ions ( v o n d e r O s t e n e t a l .
1989). T h e fa i lures i n t e c h n o l o g y d e v e l o p m e n t a n d t ransfer i n t he se r e g i o n s s t e m ,
in p a r t , f rom t h e i n h e r e n t difficulty of t h e task; in pa r t , f rom the lack of f a r m e r s '
p a r t i c i p a t i o n .
T h e p r o b l e m s a r e c o m p l e x a n d cha rac te r i zed by a h o s t o f e n v i r o n m e n t a l a n d
s o c i o e c o n o m i c i s sues . A d d r e s s i n g on ly a s ing le c o m p o n e n t o f t h e f a r m i n g s y s t e m ,
e.g., c r o p var ie ty , fert i l izer u s e , o r c r o p h u s b a n d r y , c a n n o t b r i n g a b o u t t h e
d r a m a t i c i nc rease i n p r o d u c t i v i t y w i t n e s s e d i n i r r iga ted a reas . D r y l a n d f a r m e r s
a r e n o t i n t e r e s t ed i n a n y t h i n g less.
T h e e x t e n s i o n s t r a t e g y s h o u l d therefore m a t c h th is cha l l enge . M i x e d f a r m i n g ,
c o m p r i s i n g c r o p p r o d u c t i o n a n d a n i m a l h u s b a n d r y , h a s b e e n t h e m a i n s t a y o f
s u b s i s t e n c e o f d r y l a n d fa rmers . Techno logy m u s t therefore fit t h e w h o l e f a r m i n g
s y s t e m r a t h e r t h a n so lve i n d i v i d u a l a n d iso la ted p r o b l e m s . T h e r ecogn i t i on o f th i s
fac t in t h e 1970s m a r k e d the b e g i n n i n g o f f a rming s y s t e m s r e sea rch (FSR) on - fa rm.
O n - f a r m FSR i s e ssen t i a l ly an ex tens ion o f on - s t a t ion r e s e a r c h to s y n t h e s i z e
a n d d e v e l o p t echno log ie s f rom resea rch resu l t s r e l evan t t o i m p r o v i n g t h e w h o l e
f a r m i n g s y s t e m . H e n c e , r e sea rch s t a t i on b a c k u p i s neces sa ry for FSR, w h i c h
s h o u l d b e u n d e r t a k e n o n f a r m e r s ' fields, w i t h t h e full c o o p e r a t i o n a n d
i n v o l v e m e n t o f t h e f a rmer s . S u c h FSR s h o u l d be c o m p l e m e n t a r y t o t h e o n - s t a t i o n
re sea rch , a d o p t i n g a p r o b l e m - s o l v i n g a p p r o a c h t h a t i s f u n d a m e n t a l l y o r i e n t e d to
f a r m e r s a s t h e p r i m a r y c l ients o f research .
P l a n n i n g o f FSR r equ i r e s s o m e u n d e r s t a n d i n g o f t he f a r m e r s ' s i t ua t ion .
In i t i a t i ng FSR in rea l field s i t ua t i ons r equ i r e s t h r ee se t s o f i n f o r m a t i o n (S ingh
1995) on t h e fo l lowing :
• s o c i o e c o n o m i c c o n d i t i o n s of p e o p l e , the i r p e r c e p t i o n s , p r io r i t i e s , r e q u i r e m e n t s ,
a n d i n d i g e n o u s technica l k n o w l e d g e ;
• r e s o u r c e c o n d i t i o n s ; a n d
• t e c h n o l o g y ( re sea rch i n fo rma t ion ) d e v e l o p e d a t t h e r e sea rch s t a t i ons .
Al l th i s i n f o r m a t i o n m u s t t h e n be careful ly a n a l y z e d to effect a b a l a n c e b e t w e e n
r e s o u r c e c o n d i t i o n s a n d f a r m e r s ' r e q u i r e m e n t s i n t h e choice o f c o m p o n e n t
t e c h n o l o g i e s t o b e t e s t ed a s t r e a t m e n t s . T o b e g i n w i t h / t h e f o c u s s h o u l d b e o n
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refining i n d i g e n o u s t echn ica l k n o w l e d g e . Strict p r e s c r i p t i o n s o f c o m p o n e n t
t e c h n o l o g i e s d e v e l o p e d a t t h e r e s e a r c h s t a t i ons s h o u l d b e a v o i d e d . N e c e s s a r y
a d j u s t m e n t s s h o u l d be i n c o r p o r a t e d to offer b a s k e t s o f o p t i o n s to su i t c l ients '
r e q u i r e m e n t s a n d p r io r i t i e s ( C h a m b e r s 1991). I f r e q u i r e d , a l t e rna t i ve t echno log ies
for f a r m e r s s h a r i n g c o m m o n p r o b l e m s c a n b e d e v e l o p e d b y c o n d u c t i n g
e x p e r i m e n t s o n the i r f ields. T h e f a r m e r s ' c o m p l e t e i n v o l v e m e n t i s abso lu t e ly
n e c e s s a r y i n b o t h p l a n n i n g a n d e x e c u t i o n o f a p r o g r a m . T h e f a r m e r t h u s func t ions
a s t h e rea l e x e c u t o r o f t h e p r o g r a m ; t h e r e sea rche r a n d ex t ens ion w o r k e r s e r v e a s
faci l i ta tors . T h i s i s t h e bas i c p h i l o s o p h y of o n - f a r m FSR.
T h e c u l t i v a t e d a rea i n t h e T h a r h a s i nc r ea sed significantly, f rom 32% i n t h e
1960s t o 5 2 % i n t h e 1990s, t o s u s t a i n p o p u l a t i o n g r o w t h . Th i s exp l a in s t h e
c u l t i v a t i o n o f m a r g i n a l l a n d s t h a t acce le ra tes deser t i f ica t ion . A n i m a l h u s b a n d r y ,
t h e e r s t w h i l e m a i n s t a y o f t h e d e s e r t p o p u l a t i o n s , h a s g o n e i n t o ob l iv ion . T o a r res t
a n d p o s s i b l y r e v e r s e t h i s t r e n d , i m p r o v e d l ives tock h u s b a n d r y n e e d s t o b e
r e s t o r e d . L ives tock m a n a g e m e n t s h o u l d therefore f o r m t h e cen t ra l s t r a t e g y o f
f a r m i n g s y s t e m s i n t h e T h a r a n d i n o t h e r a r i d a n d semi -a r id r eg ions . Res to r ing
t h e q u a l i t y o f ca t t l e b r e e d s b y i n t r o d u c i n g p u r e m a l e s a n d m e e t i n g forage n e e d s
b y p l a n t i n g g r a s s e s a n d f o d d e r t r ees c a n s ignif icant ly shift t h e scena r io t o w a r d
sus ta inab i l i ty .
A n o t h e r i m p o r t a n t i s s u e for FSR in a r i d r eg ions i s t h e i n t e g r a t i o n o f v a r i o u s
c o m p o n e n t s o f t h e s y s t e m : d r y l a n d c r o p p r o d u c t i o n , a n i m a l h u s b a n d r y ,
m a n a g e m e n t o f c o m m o n p r o p e r t y r e sou rces , r ehab i l i t a t ion o f d e g r a d e d l a n d s ,
a n d efficient u t i l i z a t i on o f l im i t ed i r r i g a t i o n r e sources . S o m e s u g g e s t i o n s for s u c h
i n t e g r a t i o n fo l low:
1 . F o c u s i n g o n a n i m a l h u s b a n d r y , w i t h i nc r ea sed a r ea u n d e r g r a s se s , t rees , a n d
h o r t i c u l t u r a l c r o p s , wi l l e n c o u r a g e f a r m e r s t o r e d u c e t h e a r ea u n d e r a r a b l e
c r o p s . S m a l l e r c r o p p e d a r e a s c a n b e m a n a g e d m o r e efficiently. Th i s m a y
u p g r a d e l ives tock h u s b a n d r y a n d e v e n t u a l l y m o r e t h a n c o m p e n s a t e for t h e
r e d u c e d c r o p p e d a r ea i n t e r m s o f e c o n o m i c r e t u r n s . Similarly, m a x i m i z i n g
p r o d u c t i o n o n i r r i g a t e d l a n d s c a n r e d u c e t h e p r e s s u r e o n d r y l a n d f a rming .
2 . M o r e m a n u r e f rom l ives tock a n d o r g a n i c w a s t e s a p p l i e d t o t h e r e d u c e d a rea
u n d e r a r a b l e c r o p s c a n h e l p b o o s t p roduc t iv i ty .
3 . R o t a t i n g p a s t u r e s a n d c r o p l a n d s e v e r y f o u r t h o r fifth y e a r c a n h e l p i m p r o v e
t h e q u a l i t y o f t h e soi l for c r o p p r o d u c t i o n .
4 . P l a n t i n g o n f i e l d b o u n d a r i e s , b e s i d e s c o n s e r v i n g soil a n d g e n e r a t i n g fo rage
a n d f i r e w o o d , c a n a l so u p g r a d e t h e m i c r o c l i m a t e for be t t e r p e r f o r m a n c e o f
a r a b l e c r o p s i n t h e l o n g r u n .
5 . P l a n t i n g of fuel t rees , s u c h as Prosopis juliflora, on d e g r a d e d l a n d s a n d u s e of
s o l a r - d r i v e n a p p l i a n c e s m a y h e l p d i s c o u r a g e t h e p rac t i ce o f u s i n g ca t t le d u n g
a s fuel . M o r e F Y M m a d e ava i l ab l e i n th i s w a y c a n h e l p m a i n t a i n soil fertility.
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Conclusions
O n - f a r m r e s e a r c h w i t h a f a r m i n g s y s t e m s p e r s p e c t i v e h a s b e e n a m i s s i n g l ink in
t e c h n o l o g y t rans fe r p r o g r a m s i n d r y l a n d agroecologica l r eg ions o f Ind i a . F a r m i n g
s y s t e m s p r o t o t y p e m o d e l s t h a t focus o n fo rage p r o d u c t i o n a n d l ives tock r e a r i n g
t h u s n e e d t o be d e v e l o p e d t h r o u g h a s y s t e m a t i c p r o g r a m o f o n - f a r m r e sea r ch
i n v o l v i n g sc ient is ts , e x t e n s i o n p e r s o n n e l , a n d f a rmers . W h e r e v e r poss ib le , t h e
w a t e r s h e d s h o u l d b e t a k e n a s a u n i t t o i n t eg ra t e t e c h n o l o g y c o m p o n e n t s a n d
c o n s e r v e n a t u r a l r e sou rces , a s w a t e r i s t h e m a i n factor l im i t i ng p l a n t p r o d u c t i o n
i n t h e s e r eg ions . O n c e d e v e l o p e d , t he se p r o t o t y p e t e c h n o l o g y m o d e l s , c o u p l e d
w i t h p a r t i c i p a t o r y t r a i n i ng o f f a rmer s a n d ex t ens ion p e r s o n n e l , c o u l d t h e n b e
successfu l ly a n d ex tens ive ly rep l ica ted b y ex t ens ion a n d d e v e l o p m e n t agenc i e s
t h r o u g h p r o g r a m s s u c h a s t h e D P A P a n d D D P .
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Water and Nutrient Management:
Farmers' Practices, Perceptions, and Researchable Issues
S. Kolavalli
1
Abstract
In the arid regions of Rajasthan, farmers' traditional strategies for managing their 
limited soil, water, and nutrient resources include moisture-conservation structures; 
fallowing; and the use of legumes, animal and crop wastes, and deep tillage. As 
agriculture intensifies, traditional practices are disappearing and the sustainability of 
these systems is at risk. A diagnostic study of three villages concludes that there is some 
potential for improving nutrient management by the limited use of inorganic fertilizers. 
There appear to be additional opportunities for conservation structures that create more 
assured moisture conditions, under which high-yielding strategies could be adopted. 
There is a need to understand better the traditional institutions for managing soil and 
water conservation, existing practices for maintaining soil fertility, and farmers' 
continuing use of traditional practices in the face of more intensive cultivation. 
T h e Background
A clear u n d e r s t a n d i n g of f a r m e r s ' p e r c e p t i o n s a n d p rac t i ces i s t h e k e y to
d e v e l o p i n g a l o n g t e r m resea rch a g e n d a d r i v e n by f a r m e r s ' n e e d s . Recogn i z ing
th is , a g r o u p of sc ient is t s f rom t h e In t e rna t iona l C r o p s Resea rch Ins t i tu t e for t h e
S e m i - A r i d Tropics (ICRISAT) a n d the C e n t r a l A r i d Z o n e Resea rch Ins t i tu t e
(CAZRI) m a d e a n e x p l o r a t o r y s t u d y o f h o w fa rmers cu r r en t l y m a n a g e the i r w a t e r
a n d n u t r i e n t r e sources . U s i n g p a r t i c i p a t o r y c o m m u n i c a t i o n t echn iques , t h e
r e sea r che r s i n t e r ac t ed w i t h f a rmer s ac ross a t r ansec t of t h e t a rge t r e g i o n to
u n d e r s t a n d c u r r e n t p rac t i ces a n d t o ident i fy p r io r i t y r e sea rch i s sues .
T h e t e a m b e g a n w i t h a h y p o t h e s i s , b a s e d o n p r io r o b s e r v a t i o n s a n d
d i s c u s s i o n s w i t h f a rmer s , t ha t d u e t o t h e p r e s s u r e o f r a p i d l y inc reas ing
p o p u l a t i o n i n w e s t e r n a n d cen t ra l Rajas than , soi ls a r e b e i n g m o r e in tens ive ly
cu l t i va t ed , e x h a u s t i n g soil n u t r i e n t s a n d r e d u c i n g c r o p y ie lds . S e c o n d a r y d a t a o n
l a n d u s e , c r o p p i n g p a t t e r n s a n d p r o d u c t i o n , a n d i n p u t u s e w e r e a n a l y z e d b y
dis t r ic t ; t h e s e i n d i c a t e d t h a t
1, Socioeconomics and Policy Division, ICRISAT Asia Center, Patancheru 502 324, Andhra Pradesh, India.
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• t h e a m o u n t a n d r e l i ab i l i t y o f r a i n f a l l i nc r ea se s f rom w e s t e r n t o cen t ra l
Ra jas than ;
• p e a r l mi l l e t i s t h e d o m i n a n t c r o p , w i t h a w i d e r r a n g e o f c r o p s g r o w n in t h e
c e n t r a l d i s t r i c t s ;
• c r o p y i e l d s a r e c lose ly r e l a t ed to a m o u n t a n d d i s t r i b u t i o n o f rainfal l ;
• c r o p p i n g i n t e n s i t y h a s i n c r e a s e d o n l y m a r g i n a l l y o v e r t h e yea r s ;
• l a n d - u s e i n t e n s i t y i n t h e w e s t e r n d i s t r i c t s h a s inc reased , a s m o r e fa l low a rea h a s
b e e n b r o u g h t u n d e r cu l t iva t ion ;
• fer t i l izer u s e i s neg l ig ib le , e x c e p t on i r r i ga t ed c rops ;
• a d o p t i o n o f h i g h - y i e l d i n g va r i e t i e s h a s o c c u r r e d o n l y in t h e cen t ra l d is t r ic ts ;
a n d
• c r o p y i e l d s s e e m t o b e d e c l i n i n g i n t h e w e s t e r n d is t r ic ts b u t i nc reas ing i n t h e
c e n t r a l d i s t r i c t s .
A l t h o u g h t h e s e c o n d a r y d a t a d i d n o t p r o v i d e conc lus ive e v i d e n c e t ha t t he
n u t r i e n t s t a t u s o f soi ls w a s d e c l i n i n g o v e r t i m e , t he r e w a s c i r cums tan t i a l e v i d e n c e
o f th i s . I n t h e d r i e r w e s t e r n d is t r ic t s , l a n d - u s e in tens i ty h a s inc reased , ferti l izer
a p p l i c a t i o n s h a v e r e m a i n e d low, a n d y i e ld s h a v e dec l ined . T h e r e a r e clear
di f ferences i n c r o p p i n g p a t t e r n s , a d o p t i o n o f h igh -y i e ld ing var ie t ies , a n d ferti l izer
u s e b e t w e e n t h e d r i e r w e s t e r n d i s t r ic t s a n d t h e w e t t e r cen t ra l d is t r ic ts . Barmer ,
J o d h p u r , a n d N a g a u r — t h r e e d i s t r i c t s s p a n n i n g t h e r a n g e o f rainfal l c o n d i t i o n s —
w e r e se l ec t ed for fu r the r field w o r k t o tes t t he h y p o t h e s i s t h a t l a n d u s e i s
in tens i fy ing , l e a d i n g t o n u t r i e n t m i n i n g a n d dec l i n ing c r o p p roduc t iv i ty . I n M a r c h
1996, an i n t e r d i s c i p l i n a r y t e a m o f ISP1 r e sea rche r s f rom ICRISAT a n d C A Z R I
s p e n t a w e e k w o r k i n g w i t h f a r m e r s i n t h r ee v i l lages i n t h e se lec ted d is t r ic ts t o
(1) i m p r o v e r e s e a r c h e r s ' u n d e r s t a n d i n g o f t h e p r o b l e m s o f ag r i cu l t u r e in w e s t e r n
a n d cen t r a l Ra jas than , w i t h p a r t i c u l a r focus o n h o w fa rmers m a n a g e thei r soil ,
w a t e r , a n d n u t r i e n t r e sou rces ; a n d (2) ident i fy p r io r i t y r e sea rch i s sues .
T h e v i l l ages s t u d i e d offer d i v e r s e c o n d i t i o n s w i t h i n t h e a r i d e n v i r o n m e n t i n
w e s t e r n , a n d cen t r a l Ra ja s than . A v e r a g e a n n u a l rainfal l i s 278 m m i n Barmer , 360
m m i n J o d h p u r , a n d 440 m m i n N a g a u r . T h e f a r m i n g p rac t i ces t h a t h a v e e v o l v e d
o v e r t h e y e a r s h a v e b e e n careful ly a d a p t e d t o m a k e t h e bes t u s e o f r e sou rces
a n d t h e e n v i r o n m e n t , p a r t i c u l a r l y t o m i n i m i z e t h e r i s k i n h e r e n t i n a r i d l a n d
a g r i c u l t u r e .
T h e di f ferences i n soi l c o n d i t i o n s a n d t o p o g r a p h y w i t h i n a n d across v i l lages
h a v e i n f l uenced p r e v a i l i n g p rac t i ces . Soils r a n g e f rom s a n d y soi ls t h a t cons is t
p r i m a r i l y o f f ine s a n d to h e a v i e r soi ls w i t h h i g h e r p r o p o r t i o n s o f silt a n d clay. In
g e n e r a l , t h e s a n d i e r so i l s a r e c h a r a c t e r i z e d b y d e e p e r w e t t i n g , l o w e r w a t e r
r e t e n t i o n w i t h i n t h e p l a n t r o o t profi le , a n d l o w e r y ie lds . T h e heav ie r soi ls h a v e
b e t t e r w a t e r - r e t e n t i o n c a p a c i t y a n d p r o d u c e h i g h e r y ie lds , b u t a r e m o r e p r o n e t o
c r u s t i n g .
T h e so i l t y p e a n d t h e l o c a t i o n o f f i e l d s re la t ive t o t h e m o v e m e n t o f sur face
w a t e r d e t e r m i n e so i l m o i s t u r e a n d n u t r i e n t c o n d i t i o n s . W h e r e s l o p e s a r e s l igh t o r
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soi ls a r e s andy , t he re i s l i t t le o r no m o v e m e n t o f w a t e r b e t w e e n f i e lds . Water
m o v e m e n t i s g rea t e r w h e r e s lopes a r e g rea te r a n d t h e soils a r e heavier . F ie lds
loca ted a t t h e b a s e o f s u c h c a t c h m e n t s rece ive w a t e r a n d a c c o m p a n y i n g silt a n d
n u t r i e n t s . I f th i s silt i s c a p t u r e d w i t h i n t h e f ie ld , t he silt c o n t e n t in t h e soil b u i l d s
u p o v e r t i m e , l e a d i n g t o h i g h e r m o i s t u r e - h o l d i n g capac i ty a n d n u t r i e n t s t a tu s .
W h e r e t he r e i s c o n s i d e r a b l e m o v e m e n t o f surface w a t e r a n d soil t h a t c an be
effectively t r a p p e d , f a r m e r s d o c o n s e r v e soil a n d wa te r . Tanks h a v e b e e n bu i l t o n
p u b l i c l a n d to c a p t u r e w a t e r for d r i n k i n g a n d for l ivestock. Khadins ( b u n d i n g on
t h r e e s i d e s o f a f i e ld t o r e t a in r a i n w a t e r ) a n d b o u n d a r y a n d c o n t o u r b u n d s
c a p t u r e f lows w i t h i n f ie lds for c r o p p i n g . In Agola i ( Jodhpur ) , a va r i e ty of
m o i s t u r e - c o n s e r v a t i o n s t r u c t u r e s h a r v e s t sur face w a t e r f rom c a t c h m e n t a r e a s
c rea t ed by e r o d e d hi l ls a n d s l o p i n g a reas . In cont ras t , i n Arb i k i gaffan (Barmer)
a n d K h a r i ( N a g a u r ) , t h e s a n d i e r soi ls a n d lack o f s l o p i n g c a t c h m e n t a r ea s l imi t t h e
poss ib i l i t ies for w a t e r - c o n s e r v a t i o n s t ruc tu res . The re s e e m s to be cons ide rab l e
s c o p e for b u i l d i n g m o r e k h a d i n s w h e r e phys ica l cond i t i ons a r e su i t ab le , b u t
h y d r o l o g i c a l d e p e n d e n c e b e t w e e n s t ruc tu re s d e m a n d s c o o r d i n a t i o n i n the i r
o p e r a t i o n a n d m a i n t e n a n c e .
Farmers' Percept ions a n d Current Practices
F a r m e r s a re fully a w a r e tha t the consequences of w h a t they do n o w wil l affect t he
capaci ty of the soils to p r o d u c e in the future. Even pract ices tha t lead to s h o r t t e r m
ga ins a p p e a r to be t aken up w i t h a full u n d e r s t a n d i n g of the consequences , b u t
often there a re few a l te rna t ive courses of act ion, par t icu lar ly on smal l fa rms
p r o d u c i n g to m e e t family food r equ i remen t s . For example , m a n y smal l fa rmers
m u s t c r o p fields cont inuously , e v e n t h o u g h they a re a w a r e tha t this leads to
dec l in ing "soil s t r e n g t h " — f a r m e r s terminology, in te rpre ted by researchers as
re la t ing to soil fe r t i l i ty—and c rop yie lds . At a b road level, m o s t f a rming dec i s i ons—
til lage, m a n u r i n g , c rop choice, ro ta t ions , a n d f a l lowing—seem to be d i rec ted a t
m a i n t a i n i n g soil fertility wh i l e m i n i m i z i n g p r o d u c t i o n r isks a n d m a x i m i z i n g y ie lds .
O n l y a few c r o p species a re g r o w n in the region. But c rop choice d o e s va ry in
t e rms of c r o p mix tu res , extent of sole c ropp ing , a n d p r o p o r t i o n of different c rops in
mix tu res . F a r m e r s p l a n t sole c rops w h e r e mo i s tu re a n d fertility cond i t ions a re m o s t
favorable . At the h i g h rainfall e n d (Khari) , w h e n ra ins are early, fa rmers expect
e n o u g h m o i s t u r e in m o s t fields to p l a n t sole crops . In lower rainfall a reas , s u c h as
Agola i , f a rmers expect e n o u g h mo i s tu r e for sole c rops on ly in the heav ie r soils,
w h i c h con ta in re la t ively m o r e silt a n d clay a n d consequent ly s tore m o r e moi s tu re .
Similar ly, o n l y u n d e r t he m o s t a s s u r e d m o i s t u r e cond i t i ons d o f a r m e r s g r o w
h y b r i d p e a r l mi l l e t o r p o s t r a i n y - s e a s o n c rops . For e x a m p l e , o n l y h y b r i d p e a r l
mi l le t i s g r o w n i n Kha r i , a n d w h e a t a n d m u s t a r d a r e g r o w n i n heav ie r soi ls a n d i n
k h a d i n s i n Ago la i .
A s m o i s t u r e ava i lab i l i ty b e c o m e s less cer ta in , c r o p m i x t u r e s b e c o m e t h e n o r m .
In soi ls w i t h l o w e r w a t e r - h o l d i n g capac i ty i n Ago la i a n d i n all soi ls i n Arb i k i
gaffan, m i x t u r e s o f p e a r l mi l le t a n d sho r t - s ea son l e g u m e s a re g r o w n ; t h e mi l le t i s
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r a r e ly cu l t i va t ed as a so le c r o p . W h e n r a in s a r e d e l a y e d a n d f a rmers expec t a p o o r
s e a s o n , t h e y s u b s t i t u t e m o r e d r o u g h t - t o l e r a n t s h o r t - s e a s o n l e g u m e s for p e a r l
mi l le t .
M a n a g i n g soi l fert i l i ty i s i m p o r t a n t to all f a rmers . Soil fertility i s m a i n t a i n e d or
e n h a n c e d t h r o u g h t h e u s e o f l e g u m e s i n c r o p m i x t u r e s a n d o f fa l low p e r i o d s i n
c r o p r o t a t i o n s , t h e a p p l i c a t i o n o f f a r m y a r d m a n u r e (FYM) a n d t a n k b e d soil t o
f i e lds , t h e p e n n i n g o f a n i m a l s in fields, t h e c a p t u r e o f silt a l o n g w i t h sur face w a t e r
f lows , a n d t h e u s e o f c h e m i c a l fert i l izers.
Of t h e l e g u m e s , c lus te r b e a n i s c o n s i d e r e d t h e m o s t effective i n i m p r o v i n g soil
fertility, fo l lowed b y m o t h b e a n a n d m u n g bean . O n p o o r e r soi ls , p e a r l mi l le t
a l o n e o r i n m i x t u r e s i s a l w a y s r o t a t e d w i t h l e g u m e s t o m a i n t a i n fertility. I n f i e l d s
o f d e c l i n i n g fertility, c r o p m i x t u r e s a r e d o m i n a t e d b y l e g u m e s .
F a l l o w i n g i s a n i m p o r t a n t p rac t i ce t o m a i n t a i n soil fertility, especia l ly o n s a n d y
soi ls . C o n t i n u o u s c r o p p i n g i s m o r e l ikely t o b e p rac t i ced o n heav ie r soi ls a n d o n
soi ls a r o u n d dhanis ( fa rm h o m e s t e a d s loca ted on f a r m l a n d o u t s i d e t h e vi l lage) .
F a l l o w l a n d p r o v i d e s a n i m p o r t a n t s o u r c e o f f o d d e r for g r a z i n g a n d stal l f eed ing .
W h e n fa l lowed f i e l d s a r e g r a z e d , t h e r e i s a n a d d e d benefi t f rom p e n n i n g .
H o w e v e r , t h e f r equency a n d d u r a t i o n o f f a l lowing h a v e dec l i ned d u e t o p r e s s u r e
o n l a n d .
F a r m e r s c o n s i d e r a d d i t i o n o f m a n u r e i m p o r t a n t t o m a i n t a i n i n g the n u t r i e n t
s t a t u s o f soi ls . M a n u r e a p p l i c a t i o n s d e p e n d on t h e loca t ion o f f i e ld s i n r e l a t ion t o
w h e r e a n i m a l s a r e k e p t a n d o n t h e qua l i t y a n d ferti l i ty s t a t u s o f t he l and . M o s t
m a n u r e i s a p p l i e d t o f i e l d s n e a r d h a n i s , w h e r e t r a n s p o r t cos ts a r e lowes t , w h i l e
d i s t a n t f i e l d s rece ive l i t t le o r n o m a n u r e . F a r m e r s g ive p r io r i t y t o a d d i n g m a n u r e
t o s a n d y soi ls , w h i c h a r e u s u a l l y deficient i n n u t r i e n t s , excep t i n t h e d r i e s t v i l lage ,
A r b i k i gaffan, w h e r e f a r m e r s felt t h a t s a n d y soi ls loca ted far f rom t h e v i l lage a re
s o u n p r o d u c t i v e t h a t i t i s n o t w o r t h a d d i n g m a n u r e t o t h e m .
M o s t f a r m e r s w o u l d l ike t o u s e m o r e m a n u r e , b u t n o t all c a n afford t o p u r c h a s e
i t o r a r e w i l l i n g t o do so . W i t h i n e a c h vi l lage , t h e r e a r e cons ide rab l e differences i n
m a n u r e avai labi l i ty , b e c a u s e o f differences i n a n i m a l h o l d i n g s i n r e l a t ion t o l a n d
h o l d i n g s . Fami l i e s t h a t h a v e re la t ive ly m o r e a n i m a l s a n d less l a n d m a y sell
m a n u r e . E v e n i n v i l lages w i t h a m a n u r e deficit, m a n u r e m a y b e so ld o u t s i d e i n
i r r iga ted a reas , w h e r e i ts v a l u e i s m u c h higher . S o m e t i m e s m a n u r e s u r p l u s e s m a y
occur d u e t o h i g h t r a n s p o r t costs a n d l o w r e t u r n s f r o m a d d i n g m a n u r e t o s a n d y
soils. S o m e fa rmers feel t h a t a p p l y i n g m a n u r e increases c rop m o i s t u r e r equ i r emen t s
a n d t h a t c r o p s o n l y benefi t f rom i t i n u n u s u a l l y g o o d m o i s t u r e condi t ions .
F a r m e r s be l i eve t h a t chemica l fer t i l izers inc rease t h e r i sk o f c r o p loss a n d h e n c e
s e l d o m a p p l y t h e m t o r a in fed c r o p s . T h u s few f a rmer s h a v e expe r i ence w i t h t h e
u s e o f fer t i l izers . A l t h o u g h t h e y rea l ize t h a t fert i l izers a r e in s o m e s e n s e a 
s u b s t i t u t e for m a n u r e , t h e y be l i eve t ha t m a n u r e h a s pos i t i ve effects o n t h e soil
b e y o n d t h o s e con fe r r ed b y chemica l fert i l izers. F u r t h e r m o r e , s o m e f a rmer s
be l i eve t h a t f r e q u e n t u s e o f fer t i l izers h a s a d a m a g i n g effect on soil s t r uc tu r e , a n d
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t h a t o n c e t h e y a r e u s e d , r e p e a t ap p l i c a t i o ns a r e neces sa ry t o m a i n t a i n
p r o d u c t i v i t y
O n l y s o m e f a rmer s i n Kha r i , t he vi l lage w i t h t h e h i g h e s t a n d m o s t re l iable
rainfal l , h a v e e x p e r i m e n t e d w i t h ferti l izer ap p l i c a t i ons o n ra in fed c rops . T h e y
h a v e a p p l i e d n i t r o g e n fert i l izers l a te i n t he s e a s o n to severe ly s t u n t e d c rops ; i.e.,
o n l y i n s i t u a t i o n s w h e n t h e e x p e c t e d c o n s e q u e n c e o f d o i n g n o t h i n g w a s n e a r l y
to ta l c r o p loss . W h i l e s o m e fo r tuna t e f a rmer s ' c r o p s r e s p o n d e d we l l , o t h e r s ' c r o p s
b u r n e d in t h e a b s e n c e o f rainfal l . F e w wil l a g a i n t ake chances w i t h fert i l izer
a p p l i c a t i o n . H o w e v e r , t he re i s s c o p e for d e v e l o p i n g less r i sky a l t e rna t i ve s to t h e
m e t h o d s t h a t t h e s e f a rmer s h a v e t r ied .
D e e p p l o w i n g i s d o n e per iodical ly , m o s t typica l ly o n c e e v e r y 3 o r 4 yea r s . T h e
p e r c e i v e d benef i ts f rom d e e p t i l lage a r e t h a t i t inc reases w a t e r - h o l d i n g capaci ty ,
facil i tates c r o p e s t a b l i s h m e n t by l oosen ing the soil , a n d ac ts as a s u b s t i t u t e for
m a n u r e . Pe r ce ived d i s a d v a n t a g e s a re t ha t i t b r i n g s u p p o o r e r soil f rom t h e d e e p e r
l aye r s , m a k e s t h e topso i l m o r e v u l n e r a b l e t o e ros ion , a n d l eaves d e e p f u r r o w s t h a t
a r e u n p r o d u c t i v e a n d e n h a n c e gu l ly fo rmat ion .
As f a r m e r s r e d u c e t h e f requency o f fa l lowing, t h e y d e e p - p l o w , of ten in
con junc t ion w i t h a c lus te r b e a n c rop , as t h e y be l ieve i t s u b s t i t u t e s for t h e effect of
fa l lowing . T h u s t h e f r equency o f d e e p t i l lage i s inc reas ing . For e x a m p l e , in Kha r i ,
f a r m e r s w h o d o n o t h a v e sufficient m a n u r e d e e p - p l o w the i r f i e l d s a n n u a l l y i f
t he r e i s a d e q u a t e m o i s t u r e .
S c o p e for Enhanc ing Product ion
O u r i n t e r p r e t a t i o n o f th i s s t r a t e g y i s tha t d e e p p l o w i n g m i n e s t h e soil o f n u t r i e n t s
as i t p r o d u c e s a s h o r t t e r m inc rease in ava i lab le soil fertility; h o w e v e r , in t h e
a b s e n c e of a d d e d n u t r i e n t s , th is inc rease i s a t t he cost of l o n g t e r m fertility. Soil
ferti l i ty s t a t u s m a y dec l ine d u e t o inc reased c r o p u p t a k e o f n u t r i e n t s . O r g a n i c
m a t t e r m a y a lso d e c o m p o s e faster a s m o r e m o i s t u r e i s r e t a ined i n t h e soil profi le .
T h u s f a rmer s m i n i m i z e t h e f r equency o f d e e p p l o w i n g i f t h e y can .
G i v e n the i r r e s o u r c e e n d o w m e n t s a n d e n v i r o n m e n t , f a rmer s h a v e l imi t ed
o p p o r t u n i t i e s t o e n h a n c e p r o d u c t i o n f rom agr i cu l tu re . W h e r e rainfal l , t o p o g r a -
p h y , a n d soi l c o n d i t i o n s a r e su i t ab le , t he re i s s o m e p o t e n t i a l t o c o n s e r v e m o i s t u r e
i n soi ls t o r e d u c e r i sk a n d inc rease p roduc t iv i ty . W h e r e m o i s t u r e c o n s e r v a t i o n i s
feasible , t h e r e a r e m o r e o p t i o n s for e n h a n c i n g p r o d u c t i v i t y b y i m p r o v i n g soi l
fert i l i ty o r a d o p t i n g a l t e rna t i ve c r o p s o r n e w var ie t ies . Recen t efforts b y t h e s t a t e
g o v e r n m e n t a n d n o n g o v e r n m e n t a l o r g a n i z a t i o n s t o cons t ruc t k h a d i n s s u g g e s t
t h a t t h e r e i s still s c o p e for m o i s t u r e c o n s e r v a t i o n s t ruc tu r e s u n d e r a p p r o p r i a t e
p h y s i c a l c o n d i t i o n s , s u c h a s t h o s e o b s e r v e d i n Agola i . F a r m e r s a r e a l so k e e n o n
b u i l d i n g k h a d i n s a n d field b u n d s . T h e cons t ruc t i on a n d m a n a g e m e n t o f c o m m o n
k h a d i n s o r a se r i e s o f s m a l l e r i n t e r d e p e n d e n t o n e s r e q u i r e c o n s i d e r a b l e c o o r d i n a -
t ion , a n d a p p r o p r i a t e c o n s t r u c t i o n d e s i g n , t e c h n i q u e s , a n d in s t i t u t i ons a r e cr i t ical
to the i r f u n c t i o n i n g .
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O p t i o n s a r e far m o r e l imi t ed w h e r e m o i s t u r e i s pa r t i cu l a r ly l o w a n d u n c e r t a i n .
F a r m e r s ' c u r r e n t s t r a t eg ies for m a i n t a i n i n g a n d e n h a n c i n g y ie lds , s u c h a s t he u s e
o f m a n u r e a n d fa l lowing , a r e u n d e r th rea t , b e c a u s e o f l imi ted s u p p l i e s o f m a n u r e
a n d i n c r e a s i n g p r e s s u r e o n l a n d . I n t h e a b s e n c e o f o p p o r t u n i t i e s t o c o n s e r v e soil
m o i s t u r e , s t r a t eg ie s s u c h a s t h e a d o p t i o n o f h i g h - y i e l d in g va r i e t i e s o r a p p l i c a t i o n
o f i n o r g a n i c f e r t i l i z e r s m a y inc rease p r o d u c t i o n r i sk a n d a r e h e n c e u n a c c e p t a b l e
to m o s t f a r m e r s . D e s p i t e t h e ex is tence o f fert i l izer r e c o m m e n d a t i o n s for w e s t e r n
a n d c e n t r a l Ra jas than , f a r m e r s a r e r e luc t an t t o u s e fert i l izers, a n d few h a v e
e x p e r i e n c e w i t h the i r u s e . I t i s n o t clear w h e t h e r t h e r e c o m m e n d a t i o n s t h a t exist
a n d t h e i n f o r m a t i o n c u r r e n t l y ava i l ab le t o sc ient is ts a n d ex t ens ion w o r k e r s a r e
a p p r o p r i a t e t o t h e s e f a r m i n g e n v i r o n m e n t s .
T h e r e m a y b e s o m e p o t e n t i a l for i m p r o v i n g f a rmer s ' c u r r e n t n u t r i e n t
m a n a g e m e n t s t r a t eg ie s b y i n t r o d u c i n g t h e u s e o f i n o r g a n i c fert i l izers w h e r e
m o i s t u r e i s re la t ive ly a s s u r e d o r i n t a n d e m w i t h s t r a t eg ies t o c o n s e r v e m o i s t u r e ,
s o t h a t r i s k i s n o t i n c r e a s e d subs tant ia l ly .
Future Research
F u r t h e r r e s e a r c h m a y b e usefu l o n t h e fo l lowing i ssues : m o i s t u r e conse rva t ion ,
n u t r i e n t m a n a g e m e n t , dec i s ion cr i ter ia , c r o p e s t ab l i shmen t , c r o p o p t i o n s , a n d
a l t e r n a t i v e l a n d - u s e s t ra teg ies .
M o i s t u r e c o n s e r v a t i o n
I t w o u l d b e use fu l t o e x a m i n e h o w k h a d i n s h a v e b e e n m a n a g e d t radi t ional ly , t he
n a t u r e o f i n t e r d e p e n d e n c e a m o n g t h e m , a n d t h e po t en t i a l for i m p r o v i n g c r o p p i n g
s y s t e m s a n d fer t i l iza t ion s t r a t eg ies w h e r e k h a d i n s offer m o r e secure soil m o i s t u r e
r e g i m e s . T h e effect iveness of c u r r e n t u t i l i za t ion of rainfal l a n d t h e po ten t i a l for
i m p r o v i n g ra infa l l -use efficiency b y m a n i p u l a t i n g p l a n t s p a c i n g a n d d e n s i t y
s h o u l d a l so b e e x a m i n e d .
N u t r i e n t m a n a g e m e n t
T h e ro le t h a t F Y M p l a y s i n ex i s t ing f a r m i n g s y s t e m s n e e d s t o b e u n d e r s t o o d a n d
t h e p o t e n t i a l e x a m i n e d for i m p r o v i n g n u t r i e n t m a n a g e m e n t , w h e t h e r b y
i m p r o v i n g the-efficiency o f F Y M u s e o r b y d e v e l o p i n g m e t h o d s for m a n a g i n g u s e
o f F Y M w i t h o t h e r n u t r i e n t sou rces .
Sc ient i s t s d o n o t c lear ly u n d e r s t a n d t h e ro le l e g u m e s p l a y i n ferti l i ty
m a n a g e m e n t in th i s r eg ion , in t e r m s of t h e effects o f different l e g u m e s on soil
fer t i l i ty . T h i s i n f o r m a t i o n i s a p r e r equ i s i t e to i m p r o v i n g ex i s t ing n u t r i e n t
s t r a t eg ies .
W e n e e d t o e x a m i n e t h e p o t e n t i a l for s t ra teg ies t ha t m i n i m i z e r i s k i n ferti l izer
u s e ; for n e w o p t i o n s , s u c h a s s low- re lease fert i l izers; a n d for s t ra teg ies t h a t
i n t e g r a t e l o w leve l s o f fer t i l izer w i t h o t h e r t r ad i t i ona l ferti l i ty a m e n d m e n t s . The re
i s s c o p e for c o m b i n i n g t h e s e t e c h n i q u e s w i t h m o i s t u r e - c o n s e r v a t i o n s t ra teg ies .
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T h e s e poss ib i l i t ies wi l l b e s t u d i e d t h r o u g h e x p e r i m e n t a t i o n c o m b i n e d w i t h
s i m u l a t i o n m o d e l i n g .
T h e r e i s a l so a n e e d to e x a m i n e t h e s t a t u s of p h o s p h o r u s in soi ls o f th i s r eg ion .
H e r e aga in , m o d e l i n g c a n s u p p l e m e n t e x p e r i m e n t a t i o n .
D e c i s i o n cr i t er ia
W e w a n t t o u n d e r s t a n d h o w fa rmers acqu i r e a n d u s e i n f o r m a t i o n i n m a k i n g
c r o p p i n g dec i s ions ; i.e., w h a t i nd i ca to r s t h e y m o n i t o r a n d ru l e s o f t h u m b o r
d e c i s i o n cr i ter ia t h e y u s e t o m a k e m a n a g e m e n t dec is ions . T h e p u r p o s e i s t o
iden t i fy s i m p l e t e c h n i q u e s t o h e l p f a rmer s collect a n d p roces s i n f o r m a t i o n m o r e
eas i ly a n d accu ra t e ly a n d , possibly, t o i m p r o v e u p o n the i r dec i s ion ru les . I n
con junc t ion w i t h m o d e l i n g , w e n e e d t o d e v e l o p ind ica to r s t o i m p r o v e f a r m e r s '
p r e d i c t i v e capabi l i ty .
C r o p e s t a b l i s h m e n t
T h e r e i s s c o p e for i m p r o v i n g c r o p e s t ab l i shmen t . Possibi l i t ies i n c l u d e p r e s o a k i n g
s e e d s ; i m p r o v i n g s e ed v igo r b y s e e d p r o d u c t i o n u n d e r h i g h - n u t r i t i o n cond i t i ons ;
i m p r o v i n g s tabi l i ty i n p l a n t i n g d e p t h b y s eed p l a c e m e n t ; a n d soil c o m p a c t i n g .
C r o p o p t i o n s
S h o r t - d u r a t i o n p e a r l mi l le t va r ie t i es a re n e e d e d t o p r o v i d e f a rmer s w i t h
a d d i t i o n a l o p t i o n s for la te s o w i n g . Th i s i s a l r e a d y b e i n g a d d r e s s e d i n t h e b r e e d i n g
w o r k a t ICRISAT a n d t h e n a t i o n a l r e sea rch s y s t e m i n Rajas than .
T h e r e m a y be a n e e d for o t h e r i m p r o v e d cu l t iva rs , s u c h as a m o r e fa rmer -
f r iendly c lus te r b e a n to r e d u c e sk in i r r i t a t ion f rom h a r v e s t i n g .
A l t e r n a t i v e l a n d - u s e s t r a t e g i e s
In t h e h i g h l y r i sky c r o p p r o d u c t i o n e n v i r o n m e n t s o f w e s t e r n Rajas than, i t w o u l d
be usefu l t o e x a m i n e the p o t e n t i a l for a l t e rna t ive l a n d - u s e s t ra teg ies t ha t p l ace
g rea t e r e m p h a s i s on p a s t u r e a n d t ree cu l t i va t ion a s a m e a n s o f e n h a n c i n g a n d
s tab i l i z ing f a r m i n c o m e , a n d h e n c e the sus ta inab i l i ty o f f a rm en te rp r i s e s .
Note: Fo r fu r the r de t a i l s of t h e w o r k de sc r i bed in th i s pape r , s ee Kolaval l i , S.,
W h i t a k e r , M.L. , M y e r s , R.J.K., v a n O o s t e r o m , E.J., A n d e r s , M.M. , Joshi , N .L . ,
L a r y e a , K.B., Seel ing , B., Vyas , K.L., Kshi rsagar , K.G., a n d Po tda r , N. 1996.
M a n a g e m e n t o f soi l , wa te r , a n d n u t r i e n t r e sources i n w e s t e r n a n d cen t r a l
Ra jas than : p r o b l e m d i a g n o s i s a n d ident i f ica t ion o f r e sea rch i s sues . I n t e g r a t e d
S y s t e m s Project 1 P r o g r e s s R e p o r t 1 . P a t a n c h e r u 502 324, A n d h r a P r a d e s h , Ind ia ;
I n t e r n a t i o n a l C r o p s Resea rch Ins t i tu t e for t h e Semi -Ar id Tropics . 42 p p .
(Semi fo rma l pub l i ca t ion . )
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Applications for Cropping Systems Simulation
Models in On-farm Nutrient Management Research
E J van Oosterom
1
Abstract
Cropping systems simulation modeling can be a powerful tool to complement field 
experimentation, particularly in areas where highly variable environmental conditions 
are combined with complex cropping patterns, and field experimentation cannot capture 
the wide range of environments found in farmers' fields. An example is western 
Rajasthan, where seasonal climatic variations are extreme, soils variable, and numerous 
crop mixtures grown. Therefore, the Integrated Systems Project 1 (ISP1) of ICRISAT—
working in close collaboration with the Central Arid Zone Research Institute (CAZRI) 
in Jodhpur and the Agricultural Production Systems Research Unit (APSRU) in 
Australia—has embarked on a cropping systems modeling initiative in which the 
Agricultural Production Systems Simulator (APSIM) software package takes a central 
place. APSIM is structured around a central "engine," via which modules (for crop 
growth, soil water, soil nutrients, etc.) communicate. By linking multiple modules to this 
engine, it is possible to simulate crop rotations and crop mixtures. However, several of 
the modules that are relevant to the pearl millet-based cropping systems of western 
Rajasthan are not yet available in APSIM and need to be developed and validated. 
APSIM can then be used for applications of three types: (1) environmental 
characterization, (2) matching crop growth and development with resource availability, 
and (3) farm management options. On-farm nutrient management research can play an 
important role in obtaining the necessary data sets for validating modules of a cropping 
systems model. At a later stage, simulation modeling can help to set the agenda for future 
on-station and on-farm nutrient management research. 
Introduction
In r e s e a r c h projects t a rge t i ng l o w - i n p u t , subs i s t ence ag r i cu l tu ra l p r o d u c t i o n
s y s t e m s , t h e r e s e a r c h focus i s shi f t ing f rom on-s t a t ion e x p e r i m e n t a t i o n to b o t h o n -
s t a t i o n a n d o n - f a r m w o r k . Because on - s t a t i on e x p e r i m e n t s a re p e r f o r m e d u n d e r
1. Agronomy Division, ICRISAT Asia Center, Patancheru 502 324, Andhra Pradesh, India.
ICRISAT Conference Paper no. CP 1189.
van Oosterom, E.J. 1997. Applications for cropping systems simulation models in on-farm nutrient management
research. Pages 79-88 in From research station to farmer's field: nutrient management research for millet-based
cropping systems of western Rajasthan; proceedings of a planning workshop, 20-22 May 1996, Jodhpur, India
(Seeling, B., and Joshi, N.L., eds.). Patancheru 502 324, Andhra Pradesh, India: International Crops Research Institute
for the Semi-Arid Tropics and Jodhpur 342 003, Rajasthan, India: Central Arid Zone Research Institute.
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b e t t e r - e n d o w e d c o n d i t i o n s t h a n t h o s e f o u n d i n f a rmer s ' f i e l d s (especial ly w i t h
respec t to soi l ferti l i ty), t hey a r e n o t r ep re sen t a t i ve of on - fa rm cond i t i ons . Th i s
difference b e t w e e n s t a t i o n a n d f a rm p o s e s a p r o b l e m if s ignif icant g e n o t y p e x 
e n v i r o n m e n t i n t e r ac t ions occur ; c rossove r t y p e s of in te rac t ion , w h e r e g e n o t y p e A 
o u t y i e l d s g e n o t y p e B on - s t a t i on b u t y i e ld s less on- fa rm, l imit t he use fu lness of on -
s t a t i o n e x p e r i m e n t s .
A l t h o u g h d a t a t h a t c o m p a r e on - f a rm a n d on- s t a t ion resu l t s a r e scarce ,
c ro s sove r i n t e r ac t i ons b e t w e e n h i g h - a n d l ow-y i e ld ing e n v i r o n m e n t s a re
c o m m o n , b o t h o n - f a r m (e.g., r ice , S i m m o n d s a n d Talbot 1992) a n d on - s t a t i on (e.g.,
bar ley, Ceccarel l i e t a l . 1992). Pea r l mi l le t i s no excep t ion . G r a i n y i e ld s of local
Ra jas than i p e a r l mi l le t va r i e t i e s a n d i m p r o v e d var ie t i es w e r e c o m p a r e d across a 
se t of o n - s t a t i o n e x p e r i m e n t s w i t h a w i d e r a n g e of y ie lds (Table 1). At y ie ld levels
of 1 t ha - 1 , local p e a r l mi l le t y ie ld w a s o n l y a b o u t 60% of t he y ie ld of i m p r o v e d
var i e t i e s , b u t a t y ie ld levels <0.5 t ha - 1 , local p e a r l mi l le t y i e lds w e r e h i g h e r t h a n
t h o s e o f t h e i m p r o v e d var ie t i e s . T h e c rossover p o i n t occu r r ed a r o u n d 0.6 t ha - 1 . A t
r e s e a r c h s t a t i ons , g r a i n y i e ld s a r e typica l ly a b o v e th is c rossover po in t , b u t i n
w e s t e r n Ra jas than , t h e a v e r a g e g r a i n y i e l d s a r e <0.45 t h a - 1 (GOR 1994). T h e s e
re su l t s s u g g e s t tha t , for p e a r l mi l le t in Rajas than, var ie t ies o r p l a n t t y p e s tha t a re
s u p e r i o r i n o n - s t a t i o n e x p e r i m e n t s a r e n o t necessar i ly so u n d e r f a rmer s ' field
c o n d i t i o n s . O n - f a r m re sea rch i s therefore neces sa ry i f we w a n t to u n d e r s t a n d t h e
f a r m i n g s y s t e m s i n Ra jas than a n d b e ab le t o s i m u l a t e t h e m accurately.
Table 1 . Grain y i e l d s of i m p r o v e d a n d local Rajasthani pearl mi l l e t variet ies
a n d their y i e l d rat ios in on-s tat ion exper iments .
1
G r a i n y ie ld ( t ha - 1 )
I m p r o v e d Local Yield
S t a t i o n (12) (17) ra t io
P a t a n c h e r u s u m m e r con t ro l 1989 2.51 1.47 0.59
H i s s a r 1988 2.48 1.31 0.53
P a t a n c h e r u s u m m e r s t ress 1991 2.45 1.40 0.57
P a t a n c h e r u s u m m e r con t ro l 1990 2.43 1.19 0.49
F a t e h p u r 1988 2.18 1.77 0.81
P a t a n c h e r u 1988 2.03 1.27 0.63
H i s s a r 1989 2.01 1.32 0.66
P a t a n c h e r u 1989 1.98 1.06 0.54
P a t a n c h e r u s u m m e r s t ress 1990 1.15 0.70 0.61
J o d h p u r l 9 8 8 0.41 0.81 1.98
F a t e h p u r 1989 0.10 0.17 1.70
1. Experiments have been grouped according to grain yield of improved varieties.
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O n c e w e h a v e e s t ab l i shed t h e n e e d for on - f a rm w o r k , i t b e c o m e s r e l evan t t o a s k
w h e t h e r s i m u l a t i o n m o d e l i n g i s neces sa ry t o e n h a n c e o u r u n d e r s t a n d i n g o f t h e
c r o p p i n g s y s t e m s . In gene ra l , s i m u l a t i o n m o d e l i n g c a n a d d r e s s a b r o a d e r r a n g e o f
q u e s t i o n s a n d in t e rac t ions t h a n field e x p e r i m e n t a t i o n . I t h a s a c o m p a r a t i v e
a d v a n t a g e , espec ia l ly w h e r e field e x p e r i m e n t a t i o n i s t i m e - c o n s u m i n g , difficult to
c o n d u c t , a n d e x p e n s i v e ; for in s t ance , i n c o m p l e x c r o p p i n g s y s t e m s o r o n e s t ha t
a r e h i g h l y va r i ab l e i n s p a c e a n d / o r t ime .
E n v i r o n m e n t a l c o n d i t i o n s i n Rajas than a re h igh ly var iab le i n t i m e a n d s p a c e
( S h a r m a a n d P a r e e k 1993). N o t on ly i s the re a s t eep g r a d i e n t in rainfall f rom t h e
cen t r a l t o t h e w e s t e r n p a r t o f t h e s ta te , b u t the year ly f luc tua t ions a re a lso h u g e :
t h e coefficient of v a r i a t i o n (CV) for seasona l rainfall a t i n d i v i d u a l loca t ions is
a b o u t 50% (Table 2). T h e s e va r i a t i ons resu l t i n h u g e differences i n p l a n t i n g
o p p o r t u n i t i e s a n d assoc ia ted differences in w a t e r avai labi l i ty (van O o s t e r o m e t
al . , in p res s ) . In gene ra l , d r o u g h t s t ress i s l ikely to occur in w e s t e r n Rajas than, b u t
i ts t i m i n g a n d in tens i ty a re h igh ly var iab le . T h e effects o f d r o u g h t s t ress on c r o p
d e v e l o p m e n t d e p e n d o n t h e c r o p g r o w t h s t a g e a t t h e t i m e o f s t ress ( G u p t a e t al .
1994). As a c o n s e q u e n c e , sc ient is ts m u s t d e a l w i t h a w i d e r a n g e of s t ress
e n v i r o n m e n t s . C a p t u r i n g a r e p r e s e n t a t i v e s a m p l e of these c o n d i t i o n s in f ie ld
e x p e r i m e n t s w o u l d r equ i r e m a n y y e a r s o f e x p e r i m e n t a t i o n .
Table 2. Seasona l rainfall (calculated from 5 days before unt i l 80 d a y s after
es t imated s o w i n g date) , m i n i m u m a n d m a x i m u m rainfall , and coefficient o f
variat ion (CV) for four locat ions in Rajasthan, India .
Years
Seasona l rainfall ( m m )
L o c a t i o n M e a n M i n i m u m M a x i m u m CV(%)
Ajmer
J o d h p u r
Bikane r
B a n n e r
87
84
83
56
431.6
303.9
229.4
239.0
87.2
25.9
38.5
48.5
1114.9
827.1
608.0
878.4
45.3
52.3
53.2
56.9
N o t o n l y a re t h e me teo ro log ica l cond i t i ons i n Rajas than h igh ly va r i ab le , t h e
c r o p p i n g s y s t e m s a r e a lso c o m p l e x . M o s t f a rmers s o w c r o p m i x t u r e s — o f u p t o
t e n different c r o p s — r a t h e r t h a n sole c rops . Th i s causes c o m p e t i t i o n , c o m p e n s a -
t ion , a n d i n t e r a c t i o n s b e t w e e n c rops , a n d the c o m p a r a t i v e a d v a n t a g e o f e a c h
i n d i v i d u a l c r o p d e p e n d s largely u p o n seasona l cond i t i ons . Th i s c o m p l e x i t y i s
fu r ther i n c r e a s e d b e c a u s e (1) f i e ld s a r e of ten pa r t i a l ly r e s o w n to f i l l g a p s t h a t h a v e
p o o r p l a n t s t a n d s , r e s u l t i n g in a s t a g g e r e d s o w i n g w i t h i n f i e ld s , a n d (2) t h e
c o m p o s i t i o n o f t h e c r o p m i x t u r e d e p e n d s on the t i m i n g o f t h e o n s e t o f t h e r a in s
( v a n O o s t e r o m e t al. , i n p ress ) a n d on the c o n d i t i o n o f t h e f i e ld (e.g., w a t e r
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s t o r a g e , fert i l i ty level) . W i t h i n f ields, c o m p l e x i t y i s i nc rea sed by f i e ld
he te rogene i ty , w h i c h i s of ten a s soc ia t ed w i t h differences in fertility t ha t c a n resu l t
f rom t h e p r e s e n c e o f t rees , an o l d t h r e s h i n g f l oo r , p r e v i o u s p e n n i n g o f a n i m a l s ,
e tc . T h u s , in p r a c t i c e / e a c h f ie ld o r p a r t o f i t c a n be a different e n v i r o n m e n t .
Scientific e x p e r i m e n t a t i o n r e q u i r e s a r e a sonab l e level of f ield h o m o g e n e i t y ;
o t h e r w i s e e r r o r s a r e s o l a rge t h a t differences b e t w e e n t r e a t m e n t s b e c o m e
nons ign i f i can t . Scient is ts w o u l d h a v e to c o n d u c t a l a rge n u m b e r o f e x p e r i m e n t s
for m a n y y e a r s to ge t a full u n d e r s t a n d i n g o f t he c o m p l e x c r o p p i n g s y s t e m s in t h e
v a r i a b l e e n v i r o n m e n t a l c o n d i t i o n s o f Rajas than. Th i s t ask can be m a d e eas ier i f
s o m e o f t h e e x p e r i m e n t a t i o n c o u l d b e r ep l aced b y c r o p p i n g s y s t e m s s i m u l a t i o n
m o d e l i n g .
Cropping Systems Simulation Modeling
in Integrated Systems Project 1 
T h e ISP1 of ICRISAT h a s in i t i a t ed i ts m o d e l i n g efforts w i t h i n t he f r a m e w o r k of the
C o l l a b o r a t i o n o n A g r i c u l t u r a l a n d Resource M o d e l i n g i n t he Semi -Ar id Tropics
( C A R M A S A T ) , a co l l abora t ion b e t w e e n ICRISAT, t he Agr i cu l tu ra l P r o d u c t i o n
S y s t e m s Resea rch U n i t (APSRU) i n Aus t ra l i a , a n d N a t i o n a l Agr i cu l t u r a l Research
S y s t e m s (NARS) ; t h e C e n t r a l A r i d Z o n e Resea rch Ins t i tu te (CAZRI) a t J o d h p u r i s
t h e m a i n co l l abora to r i n ISP1 . Wi th in t he C A R M A S A T f r a m e w o r k , t he
A g r i c u l t u r a l P r o d u c t i o n S y s t e m s S i m u l a t o r (APSIM) sof tware p a c k a g e t akes a 
cen t ra l p l ace .
A P S I M is s t r u c t u r e d a r o u n d a cen t ra l " e n g i n e " (Fig. 1), via w h i c h m o d u l e s
(c rop g r o w t h , soil wa te r , soil N , e ros ion) c o m m u n i c a t e w i t h each o t h e r ( M c C o w n
et al . 1996). A n y m o d u l e can , in p r inc ip le , be i n c o r p o r a t e d in a s i m u l a t i o n r u n ,
p r o v i d e d i t u s e s t he s a m e va r i ab l e s a s A P S I M a n d the fo rma t s a re r ecogn ized b y
A P S I M . Th i s f l ex ib i l i ty a l l o w s , for e x a m p l e , s i m u l a t i o n of c r o p ro t a t i ons o r
m i x t u r e s b y l i nk ing t w o o r m o r e c r o p g r o w t h m o d u l e s t o the e n g i n e . A n
i n n o v a t i o n i n A P S I M , a s c o m p a r e d w i t h m a n y o the r m o d e l s , i s tha t i t cons ide r s
t h e soil , r a t h e r t h a n t h e c r o p , a s the cen t ra l en t i ty ( M c C o w n e t al . 1996).
A t t h e m o m e n t , m o s t o f t he m o d u l e s tha t a r e essent ia l for t he pea r l mil le t -
b a s e d c r o p p i n g s y s t e m s o f Ra jas than a re n o t ye t o p e r a t i o n a l w i t h i n A P S I M (Table
3). H o w e v e r , e x p e r i m e n t s for d e v e l o p i n g severa l o f t h e s e m o d u l e s a re cu r r en t ly
b e i n g c o n d u c t e d as p a r t of a CAZRI-ICRISAT-APSRU col labora t ion . A first
v e r s i o n o f t h e p e a r l mi l l e t m o d u l e s h o u l d be ava i lab le by la te 1996 o r ea r ly 1997,
a l t h o u g h v a l i d a t i o n for f a r m e r s ' field c o n d i t i o n s wil l t ake longer . We h a v e a lso
b e g u n d e v e l o p m e n t o f a c lus te r b e a n m o d u l e . A s n e w c r o p m o d u l e s a r e
d e v e l o p e d , t h e focus o n m o d u l e d e v e l o p m e n t s h o u l d shift t o o t h e r c rops . For t h e
soil m o d u l e s , t h o s e for n i t r o g e n a n d w a t e r a r e ava i lab le w i t h i n APSIM, b u t n e e d
to be v a l i d a t e d for Ra jas than . A p h o s p h o r u s m o d u l e i s u n d e r d e v e l o p m e n t i n t h e
w e s t e r n Afr ican p a r t o f ISP1, w h e r e a s w o r k on a f a r m y a r d m a n u r e (FYM) m o d u l e
w a s s t a r t e d i n Ra jas than i n t h e 1996 r a i n y season . T h e d e v e l o p m e n t o f l ives tock
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Figure 1. The structure of the APSIM program. (Source: McCown et al., 1996.) 
a n d e c o n o m i c / d e c i s i o n s u p p o r t m o d u l e s h a s n o t ye t b e g u n , d u e to a lack o f
r e sources . I t i s a n t i c i p a t e d tha t a c r o p p i n g s y s t e m s m o d e l for Rajas than can be
o p e r a t i o n a l w i t h i n a few yea r s .
T h e m o d e l i n g effort in ISP1 can be d i v i d e d in to th ree s t ages : (1) m o d e l
d e v e l o p m e n t , (2) va l i da t i on , a n d (3) app l ica t ion .
Model development
D e v e l o p m e n t of a m o d u l e r equ i res a s o u n d k n o w l e d g e of its c o m p o n e n t
p roces se s . S u c h k n o w l e d g e c a n on ly b e acqu i r ed t h r o u g h de ta i l ed m e a s u r e m e n t s
of t h e specific p a r a m e t e r s i nvo lved in these processes . Because of t h e level of
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Table 3 . S i m u l a t i o n o f c ropp ing s y s t e m s in Rajasthan: m o d u l e s n e e d e d a n d
their current ava i lab i l i ty w i t h i n A P S I M .
1
C r o p Soil O t h e r
Pea r l mi l l e t ( n a ) 2
C l u s t e r b e a n (na)
M o t h b e a n (na)
M u n g b e a n (a)
S e s a m e (na)
F Y M ( n a )
N i t r o g e n (a) 2
P h o s p h o r u s (na)
Wate r (a)
Lives tock (na)
E c o n o m i c / d e c i s i o n s u p p o r t (na)
1. APSIM = Agricultural Production Systems Simulator.
2. na = not available; a=available.
de ta i l r e q u i r e d , i t i s i m p o s s i b l e to collect d a t a on all t h e p a r a m e t e r s r e q u i r e d for a 
p a r t i c u l a r m o d u l e i n o n e e x p e r i m e n t , a n d e x p e r i m e n t s h a v e therefore t o b e
t a r g e t e d a t specific s u b r o u t i n e s of a m o d u l e .
Fo r s e v e r a l r e a s o n s , m o d e l d e v e l o p m e n t i s p re fe rab ly ca r r i ed o u t on-s ta t ion .
First , t h e m e a s u r e m e n t s a r e of ten i n t ens ive ( u p to tw ice a w e e k ) a n d the logist ics
i n v o l v e d m a k e i t difficult t o do t h e m on- fa rm. Secondly, field he t e rogene i ty c a n be
b e t t e r con t ro l l ed on- s t a t ion , r e su l t i ng i n m o r e accu ra t e p a r a m e t e r e s t ima tes .
Thi rd ly , e x p e r i m e n t s m a y r e q u i r e e n v i r o n m e n t a l cont ro l ( i r r igat ion, r a in -ou t
shel ter , h i g h ferti l i ty), w h i c h i s n o t ava i l ab le on- fa rm: c rop m o d u l e s , for e x a m p l e ,
r e q u i r e t h a t m a n y g r o w t h a n d d e v e l o p m e n t p a r a m e t e r s a re e s t i m a t e d for
n o n l i m i t i n g c o n d i t i o n s .
A d r a w b a c k of o n - s t a t i o n e x p e r i m e n t s , h o w e v e r , i s t h e r i sk t h a t t h e g r o w i n g
c o n d i t i o n s a r e i r r e l evan t to f a r m e r s ' fields. Th i s can be a p r o b l e m , pa r t i cu la r ly
w h e r e we w a n t t o d e v e l o p r e l a t i onsh ip s for t h e effects o f n u t r i e n t deficiency on
c r o p g r o w t h a n d d e v e l o p m e n t . O n e usefu l so lu t i on w o u l d b e t o h a v e low-fert i l i ty
fields on - s t a t i on , b u t o n - f a r m d a t a wi l l stil l be an essent ia l s u p p l e m e n t t o the on-
s t a t i o n e x p e r i m e n t s a t t h e m o d e l d e v e l o p m e n t s t age .
Model validation
T h e d a t a r e q u i r e d for m o d e l v a l i d a t i o n a re less de ta i l ed , b u t m o r e c o m p r e h e n s i v e ;
the re fore , e x p e r i m e n t s a t th i s s t a g e n e e d to be mul t id i sc ip l ina ry . Resu l t s wi l l on ly
be use fu l for v a l i d a t i n g m o d e l s i f d a t a on soil wa te r , soil n u t r i e n t s , a n d c r o p
g r o w t h a n d d e v e l o p m e n t a r e col lected f rom t h e s a m e p a r t o f a field, espec ia l ly
w h e r e fields a r e h e t e r o g e n e o u s . Because ava i lab le e v i d e n c e (Table 1 ) s u g g e s t s tha t
r e s u l t s o b t a i n e d o n - s t a t i o n m a y n o t a d e q u a t e l y r e p r e s e n t f a rmer s ' fields, a t least
p a r t o f t h e d a t a for m o d e l v a l i d a t i o n s h o u l d be col lected on- fa rm.
T h e p r o b l e m s tha t o n - f a r m e x p e r i m e n t s p o s e a t t h e m o d e l d e v e l o p m e n t s t age
a r e less r e l e v a n t a t t h e m o d e l v a l i d a t i o n s t age . A s v a l i d a t i o n r equ i r e s less de ta i l ,
t h e logis t ics a r e easier . In a d d i t i o n , a mu l t i d i s c ip l i na ry a p p r o a c h wil l r e d u c e
logis t ical p r o b l e m s , a s e v e r y b o d y wi l l h a v e t h e s a m e e x p e r i m e n t a l s i tes ( fa rmers '
fields). Fie ld h e t e r o g e n e i t y i s n o t a p r o b l e m a t th i s s t a g e a n d c a n e v e n be exp lo i t ed
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i f we c o n s i d e r different p a t c h e s in a field ( u n d e r t rees , n e a r fences) as different
e n v i r o n m e n t s . T h u s , e v e n an i n d i v i d u a l field c a n p r o v i d e a w i d e r a n g e o f
e n v i r o n m e n t s for m o d e l va l ida t ion . E n v i r o n m e n t a l con t ro l i s n o t r e q u i r e d , w i t h
t h e e x c e p t i o n o f ra infal l d a t a , w h i c h n e e d to be r e c o r d e d w i t h i n a r e a s o n a b l e
d i s t a n c e f rom t h e field. T e m p e r a t u r e a n d r ad i a t i on , p a r a m e t e r s t h a t a r e l ess
v a r i a b l e t h a n rainfal l , c a n easi ly be e x t r a p o l a t e d f rom t h e nea res t me teo ro log ica l
s t a t i on , u s i n g G e o g r a p h i c I n f o r m a t i o n S y s t e m s (GIS) facilities i f necessary .
T h e o n - f a r m n u t r i e n t m a n a g e m e n t w o r k c a n b e a n i m p o r t a n t s o u r c e o f i n p u t
d a t a for m o d e l va l ida t ion , a s t h e d a t a r e q u i r e m e n t s a re n o t g rea te r t h a n t h o s e
n e e d e d for i n t e g r a t e d n u t r i e n t m a n a g e m e n t r e sea rch p e r se .
M o d e l appl icat ion
O n c e t h e n e c e s s a r y m o d u l e s a re avai lable , A P S I M c a n be u s e d to tes t a r a n g e o f
h y p o t h e s e s t h a t a r e p a r t o f t he r e sea rch a g e n d a o f ISP1. A l t h o u g h m a n y o f t h e
p o t e n t i a l a p p l i c a t i o n s o f s y s t e m s m o d e l i n g a re re la ted , t h e y c a n b e d i v i d e d i n t o
t h r e e b r o a d ca tegor ies : (1) e n v i r o n m e n t a l ana lys i s ; (2) m a t c h i n g c r o p s to r e sou rce
avai labi l i ty ; (3) e v a l u a t i n g fa rm m a n a g e m e n t o p t i o n s . E x a m p l e s of poss ib le
a p p l i c a t i o n s w i t h i n e a c h ca t ego ry a r e l is ted be low.
Environmenta l analys i s . T h e e n v i r o n m e n t a l ana lys i s app l i ca t i on cha rac te r i zes
t h e var iab i l i ty i n e n v i r o n m e n t a l cons t ra in t s L o n g t e r m w e a t h e r d a t a c a n b e u s e d
to e s t i m a t e t h e f requency of occur rence of specific p a t t e r n s of d r o u g h t s t ress
d u r i n g t h e g r o w i n g s e a s o n in a pa r t i cu la r reg ion . In a p r e l i m i n a r y ana lys i s of
rainfal l p a t t e r n s in Rajas than , v a n O o s t e r o m e t al . (in p ress ) s u g g e s t e d tha t ,
a l t h o u g h differences exis t b e t w e e n loca t ions in t h e f requency of occu r r ence of
d r o u g h t p a t t e r n s , t h e s e differences w e r e pa r t l y re la ted t o differences i n t h e o n s e t
o f t h e m o n s o o n . Rela t ive ly s i m p l e p a r a m e t e r s c a n be effective in cha rac te r i z ing
va r i ab l e s e m i - a r i d e n v i r o n m e n t s in t e r m s of t h e inc idence of w a t e r deficits
( M u c h o w e t al . , i n p ress ) . By c o m b i n i n g meteoro logica l d a t a w i t h soi l a n d c r o p
p a r a m e t e r s , i t i s t h u s poss ib l e to exp la in a m u c h la rger p r o p o r t i o n of t h e v a r i a t i o n
i n c r o p y i e l d s t h a n i s poss ib le b y u s i n g on ly meteoro log ica l d a t a ( M u c h o w e t al. ,
i n p re s s ) . C o m b i n e d w i t h GIS, m o d e l s c a n i m p r o v e o u r u n d e r s t a n d i n g o f t h e
effects o f var iab i l i ty in ava i l ab le r esources on c r o p p r o d u c t i o n .
M a t c h i n g crops a n d resource availabil ity. This t y p e of app l i ca t i on i s i m p o r t a n t
in i den t i fy ing t a rge t ed var ie t i es of a c rop , a d a p t e d to specific e n v i r o n m e n t s . I t c a n
espec ia l ly h e l p b r e e d e r s assess t h e v a l u e of ce r ta in p l a n t t ra i ts for the i r t a rge t
e n v i r o n m e n t s . A m o n g t h e i s sues tha t c a n be a d d r e s s e d a r e (1) the effects o f p l a n t
t y p e on s t r e s s to l e rance a n d a d a p t a t i o n , a n d (2) the effects o f ea r l iness on s t ress
e s c a p e .
T h e p l a n t t ra i t s t h a t f a rmer s i n Rajas than pe rce ive a s m o s t i m p o r t a n t t o
a c h i e v i n g h i g h g r a i n a n d fodde r y i e ld s i n pea r l mi l le t v a r y w i d e l y ac ross t h e s t a t e
I n t h e w e t t e r cen t r a l p a r t , l a rge pan ic l e s a r e cons ide r ed t h e m a i n y ie ld c o m p o n e n t
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c o n t r i b u t i n g t o h i g h y i e ld s ; i n t h e d r y a r ea s o f w e s t e r n Rajas than, h o w e v e r ,
p r o f u s e t i l l e r ing i s c o n s i d e r e d m o r e i m p o r t a n t ( v a n O o s t e r o m e t al . , i n p ress ) .
P r e l i m i n a r y r e s u l t s o f d e t a i l e d s t u d i e s o n y ie ld c o m p o n e n t s s u g g e s t t ha t t i l ler ing
i s a usefu l charac te r i s t i c in e n v i r o n m e n t s w h e r e m i d s e a s o n d r o u g h t i s
t e m p o r a r i l y r e l i eved , b e c a u s e g e n o t y p e s w i t h p ro fuse t i l le r ing h a v e t h e
d e v e l o p m e n t a l p las t ic i ty t o r e s p o n d t o th i s rainfal l b y p r o d u c i n g a d d i t i o n a l
p a n i c l e - b e a r i n g t i l lers ( v a n O o s t e r o m , u n p u b l i s h e d da t a ) , A p r e l i m i n a r y ana lys i s
o f ra infal l d a t a s u g g e s t e d t h a t th i s t y p e o f d r o u g h t p a t t e r n i s i n d e e d m o r e l ikely t o
o c c u r i n w e s t e r n t h a n i n cen t r a l Ra jas than ( v a n O o s t e r o m e t al . , i n p ress ) . By
c o m b i n i n g l o n g t e r m me teo ro log ica l d a t a w i t h c r o p a n d soi l m o d u l e s , r e g i o n s c a n
be ident i f ied w h e r e t i l l e r ing of p e a r l mi l le t i s expec t ed to be a des i r ab le trait .
In Ra jas than , i f s o w i n g i s d e l a y e d u n t i l t he e n d of July, f a rmer s r ep lace pea r l
mi l l e t w i t h l e g u m e s i n the i r c r o p m i x e s , b e c a u s e b y th i s t ime , t he e x p e c t e d
d u r a t i o n o f t h e r a i n y s e a s o n i s too s h o r t for p e a r l mil le t , r e su l t i ng in s eve re e n d -
of - season d r o u g h t s t ress . H o w e v e r , in v i l lage s u r v e y s , f a rmers i n d i c a t e d t ha t i f
s h o r t e r - d u r a t i o n p e a r l mi l le t w a s ava i l ab le , t h e y w o u l d w a i t un t i l la ter i n t h e
s e a s o n before r e p l a c i n g p e a r l mi l le t . S i m u l a t i o n m o d e l i n g c a n b e u s e d t o quan t i fy
t h e n i c h e for ea r ly - f lower ing p e a r l mil le t , b y iden t i fy ing t h e w i n d o w d u r i n g
w h i c h s o w i n g o f s h o r t - d u r a t i o n p e a r l mi l le t wi l l b e m o r e a d v a n t a g e o u s t h a n
n o r m a l - d u r a t i o n p e a r l mi l l e t o r l e g u m e s .
Farm m a n a g e m e n t o p t i o n s . A p p l i c a t i o n s t o e v a l u a t e different m a n a g e m e n t
o p t i o n s a r e espec ia l ly i m p o r t a n t u n d e r t h e u n c e r t a i n e n v i r o n m e n t a l c o n d i t i o n s o f
Ra jas than . F o r b o t h f a r m e r s a n d sc ient i s t s , t h e a p p e a l o f t h e s e a p p l i c a t i o n s i s t h a t
t h e p o t e n t i a l o f different m a n a g e m e n t o p t i o n s c a n b e t es ted b y m o d e l i n g , after
w h i c h t h e m o s t p r o m i s i n g o p t i o n s c a n b e t e s t ed on - fa rm t o verify thei r
u se fu lnes s . I n th i s context , so-cal led "what - i f " q u e s t i o n s a r e i m p o r t a n t a n d
s h o u l d b e d e v e l o p e d b y sc ient i s t s i n co l l abora t ion w i t h fa rmers .
W i t h i n i n d i v i d u a l s e a s o n s , what - i f q u e s t i o n s c a n b e u s e d i n s i t ua t ions s u c h a s
r e s p o n s e f a r m i n g (S tewar t 1988), w h e r e f a rmer s ad jus t the i r m a n a g e m e n t
dec i s ions a s t h e s e a s o n un fo ld s , b a s e d u p o n t h e expec t ed occur rence o f s t ress .
E x a m p l e s o f r e s p o n s e f a r m i n g i n Ra jas than a r e t h e s t r a t egy o f c h a n g i n g t h e
c o m p o s i t i o n o f t h e c r o p m i x t u r e t h a t i s s o w n i f t h e m o n s o o n i s la te ( v a n O o s t e r o m
et a l . , in p ress ) a n d t h e a p p l i c a t i o n of chemica l ferti l izer i f rainfall i s g o o d .
A p p l i c a t i o n s o f th i s t y p e c a n a l so a d d r e s s l o n g t e r m i s sues r e l a t ed t o t h e
sus t a inab i l i t y o f t h e c r o p p i n g s y s t e m . For e x a m p l e , soil ferti l i ty i n Ra jas than h a s
d e c l i n e d o v e r t h e las t f ew d e c a d e s , d u e to r e d u c e d fa l lowing, w h i c h , i n t u r n , i s a 
r e su l t o f p o p u l a t i o n p r e s s u r e . S i m u l a t i o n m o d e l i n g c a n b e u s e d t o s t u d y the
effects o f r e d u c e d f a l l owing on soi l ferti l i ty a n d t h e ro le o f different l e g u m e s ,
t rees , a n d F Y M i n m a i n t a i n i n g soi l fertility. Similarly, m o d e l s c a n ident i fy t h e
c i r c u m s t a n c e s w h e r e i n v e s t m e n t i n w a t e r c o n s e r v a t i o n s t ra teg ies i s economica l ly
w o r t h w h i l e .
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Conclusion
Initially, o n - f a r m n u t r i e n t m a n a g e m e n t resea rch c a n p l a y a n i m p o r t a n t ro le i n
o b t a i n i n g t h e neces sa ry d a t a se t s for v a l i d a t i n g t h e different m o d u l e s of a 
c r o p p i n g s y s t e m s m o d e l . T h e d a t a r e q u i r e m e n t s a r e m i n i m a l , a s m o s t o f t h e d a t a
a r e a l r e a d y col lected w i t h i n t h e f r a m e w o r k o f t h e n u t r i e n t m a n a g e m e n t r e sea rch
itself. After t h i s ini t ia l s t age , s i m u l a t i o n m o d e l i n g c a n be a useful tool to ass is t in
s e t t i n g t h e a g e n d a for fu ture on - fa rm research , i n w h i c h n u t r i e n t m a n a g e m e n t
s h o u l d p l a y a cen t ra l role . D e v e l o p m e n t of a c r o p p i n g s y s t e m s s i m u l a t i o n m o d e l
for t h e c o m p l e x a n d va r i ab le c r o p p i n g s y s t e m s of Rajas than i s a cha l l eng ing task.
To a c h i e v e th i s goa l , a c lose co l labora t ion b e t w e e n ICRISAT, C A Z R I , a n d A P S R U
is r e q u i r e d .
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Research Needs and Promising Technologies
Introduction
N i t r o g e n def ic iencies a r e w i d e s p r e a d i n w e s t e r n Ra jas than a n d f requen t ly l imi t
t h e p r o d u c t i v i t y o f p e a r l mi l l e t -based c r o p p i n g s y s t e m s , pa r t i cu l a r ly i n y e a r s w i t h
favo rab l e rainfal l . To a lesser ex ten t , t h i s is a l so t r u e of p h o s p h o r u s . P o t a s s i u m
a n d m i c r o n u t r i e n t def iciencies a r e n o t c o m m o n . I n t e g r a t e d n u t r i e n t m a n a g e m e n t
w o u l d b e a n a p p r o p r i a t e a p p r o a c h t o a l l ev ia t ing n u t r i e n t deficiencies i n t h e
c o m p l e x f a r m i n g s y s t e m s o f th i s r eg ion .
Today, y ie ld leve ls in f a r m e r s ' f ields a r e o n l y a f ract ion of t h o s e o b t a i n e d o n -
s t a t i on . H o w e v e r , c o n s t r a i n t s t o c r o p g r o w t h m i g h t b e q u i t e different i n t h e t w o
s i t ua t i ons . In th i s con tex t , o n - f a r m n u t r i e n t m a n a g e m e n t r e sea rch c o u l d p r o v i d e a 
b e t t e r u n d e r s t a n d i n g o f t h e rea l i t ies f a r m e r s face a n d h e l p m a k e r e sea rch m o r e
r e l e v a n t t o the i r n e e d s . Th i s i s p a r t i c u l a r l y i m p o r t a n t for d e v e l o p m e n t a n d
v a l i d a t i o n o f c r o p p i n g s y s t e m m o d e l s . I n a d d i t i o n , o n - f a r m re sea rch c a n s e r v e a s
a ca ta lys t for c h a n g e , l e a d i n g f a rmer s to do thei r o w n e x p e r i m e n t a t i o n .
C r o p p i n g s y s t e m s m o d e l i n g wi l l h e l p r e d u c e t h e n e e d for e x p e r i m e n t a t i o n .
T h e A g r i c u l t u r a l P r o d u c t i o n S y s t e m s S imu la to r (APSIM) i s o n e m o d e l c u r r e n t l y
b e i n g a d a p t e d a n d v a l i d a t e d for t h e p e a r l mi l l e t -based c r o p p i n g s y s t e m s i n
w e s t e r n Ra jas than . T h e p e a r l mi l le t c r o p m o d u l e i n A P S I M wil l b e r e a d y for
v a l i d a t i o n in 1997. D e v e l o p m e n t o f a f a r m y a r d m a n u r e (FYM) a n d p h o s p h o r u s
m o d u l e i s i n p r o g r e s s . H o w e v e r , d e v e l o p m e n t o f a c lus ter b e a n m o d u l e h a s n o t
b e g u n , a n d s o m e t i m e wi l l b e n e e d e d t o d e v e l o p m o d e l c o m p o n e n t s a n d v a l i d a t e
t h e m on - f a rm . Therefore , w e d o n o t expec t t h a t c r o p p i n g s y s t e m s m o d e l s wi l l b e
a d e q u a t e t o r ep l ace n u t r i e n t m a n a g e m e n t e x p e r i m e n t a t i o n i n t h e n e a r fu ture .
W h i l e t h e s y s t e m s m o d e l i s b e i n g d e v e l o p e d , on - f a rm n u t r i e n t m a n a g e m e n t
e x p e r i m e n t a t i o n wi l l p r o v i d e v a l u a b l e d a t a for m o d e l va l ida t ion , p r o v i d e d d a t a
col lec t ion i s s t r u c t u r e d t o m e e t t h e s e n e e d s .
N u t r i e n t s u p p l y f r o m f a r m y a r d m a n u r e
T h e l a rge n u m b e r s o f a n i m a l s i n t h e c o m p l e x f a r m i n g s y s t e m s o f a r i d w e s t e r n
Ra ja s than m a k e F Y M a major n u t r i e n t s o u r c e for c rops . H o w e v e r , q u a n t i t a t i v e
i n f o r m a t i o n on t h e n u t r i e n t s s u p p l i e d f rom th i s s o u r c e i s l ack ing . A s u r v e y on t h e
q u a n t i t y a n d q u a l i t y o f F Y M w a s c o n s i d e r e d necessary. T h e ava i lab i l i ty o f F Y M
d e p e n d s o n f o d d e r p r o d u c t i o n , w h i c h i n t u r n s u p p o r t s l ives tock n u m b e r s ;
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the re fo re , F Y M c a n n o t b e i nc r ea sed w i t h o u t i nc reas ing c r o p p r o d u c t i o n . A n d
p r o d u c t i o n c a n o n l y b e e n h a n c e d t h r o u g h t h e u s e o f ex te rna l n u t r i e n t i n p u t s .
Nitrogen f ixat ion by legumes
O n e t r a d i t i o n a l w a y o f a d d i n g N to t h e s y s t e m i s t o i n c l u d e l e g u m e s , e i the r sole-
c r o p p e d i n r o t a t i o n o r i n t e r c r o p p e d w i t h pea r l mil le t . H o w e v e r , t h e effect iveness
o f l e g u m e N 2 f i xa t ion in a r i d e n v i r o n m e n t s i s in q u e s t i o n . A s u r v e y o f t h e soil
rh i zob ia l p o p u l a t i o n a n d n o d u l a t i o n d e n s i t y o n l e g u m e roo t s a t i n t e rva l s d u r i n g
t h e s e a s o n i s necessary .
Fertilizer nitrogen management
R e s p o n s e o f p e a r l mi l l e t t o ferti l izer N h a s b e e n o b s e r v e d in m a n y on - s t a t i on
t r ia l s . T h i s r e s p o n s e d e p e n d s o n t h e a m o u n t a n d d i s t r i b u t i o n o f rainfal l . T h e
o p t i m u m N r a t e r e p o r t e d in t h e s e t r ia ls r a n g e d f rom 23 to 84 kg ha - 1 N . Yield
inc rea se s in t h e r e v i e w e d e x p e r i m e n t s w e r e , on a v e r a g e , 800 kg g r a i n ha - 1 (or 500
k g g r a i n h a - 1 i f w e t a k e i n t o a c c o u n t y e a r s i n w h i c h d r o u g h t s h a r p l y r e d u c e d
g r a i n y ie lds ) . Yield r e s p o n s e s r a n g e d f rom 300 to 2100 kg ha - 1 g r a i n a t y ie ld levels
o f 300 to 2300 kg g r a i n ha - 1 . T h e s e s u b s t a n t i a l y ie ld inc reases d e m o n s t r a t e t ha t
fer t i l izer a p p l i c a t i o n m a y c o n s i d e r a b l y i m p r o v e p r o d u c t i v i t y i n p e a r l mi l l e t -based
c r o p p i n g s y s t e m s , e v e n i n d r o u g h t - p r o n e w e s t e r n Rajas than . Inc reased
p r o d u c t i v i t y w o u l d i m p r o v e food secu r i ty a n d p r o v i d e a be t t e r l ive l ihood for t he
l a r g e h u m a n p o p u l a t i o n i n t h e s e r u r a l a r ea s . H o w e v e r , f a rmer s ' a d o p t i o n o f
fer t i l izer r e c o m m e n d a t i o n s i s low. F a r m e r s o b s e r v e t h a t a p p l y i n g N fert i l izer
inc rea se s t h e c r o p w a t e r r e q u i r e m e n t a n d c a n l ead t o t e rmina l d r o u g h t s t ress i n
y e a r s w i t h b e l o w - n o r m a l rainfal l . R e c o m m e n d a t i o n s b a s e d o n t h e i m m e d i a t e
ra infa l l ( r e s p o n s e a p p l i c a t i o n o f fert i l izer) m a y h e l p r e d u c e th is r isk.
Recommendations
B a s e d o n t h e s e d i s c u s s i o n s , t h ree r e sea rch ac t iv i t ies w e r e r e c o m m e n d e d :
• A s u r v e y to e v a l u a t e t h e n u t r i e n t (N , P, K) c o n t r i b u t i o n of FYM in p e a r l mi l le t
b a s e d c r o p p i n g s y s t e m s .
• A s u r v e y to e v a l u a t e t h e effect iveness o f l e g u m e a t m o s p h e r i c N 2 f ixa t ion in
formers' fields. 
• O n - f a r m e x p e r i m e n t a t i o n to d e v e l o p r e s p o n s e - a p p l i c a t i o n s c h e m e s for
n i t r o g e n o u s fertil izer.
Experimenta l P lans a n d Research S i t e s
S u r v e y o f n u t r i e n t c o n t r i b u t i o n f r o m f a r m y a r d m a n u r e i n p e a r l m i l l e t -
b a s e d c r o p p i n g s y s t e m s
T h e objec t ive o f t h e s u r v e y i s t o collect q u a n t i t a t i v e i n f o r m a t i o n o n t h e
ava i lab i l i ty a n d q u a l i t y o f t h e F Y M a t t h e v i l lage , c o m m u n i t y , a n d f a rm l eve l .
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P r e v i o u s l y c o n d u c t e d R a p i d Rura l A p p r a i s a l s u r v e y s h a d i n d i c a t e d t ha t t he re a r e
c o n s i d e r a b l e dif ferences i n FYM avai labi l i ty w i t h i n a n d b e t w e e n c o m m u n i t i e s
a n d a s igni f icant f low of n u t r i e n t s in t h e fo rm of F Y M w i t h i n a n d b e t w e e n
vi l l ages . H o w e v e r , t he se s u r v e y s a r e n o t su i t ab l e for t h e col lect ion o f q u a n t i t a t i v e
d a t a . There fo re , a fo rmal q u a n t i t a t i v e s u r v e y i n c l u d i n g m e a s u r e m e n t s of FYM
q u a n t i t y a n d q u a l i t y i s r e q u i r e d . Q u a l i t y p a r a m e t e r s wi l l i n c l u d e C : N ra t io ; to ta l
N , P , a n d K ; m i n e r a l N ; a n d ava i l ab le P . T h e s e p a r a m e t e r s s h o u l d b e m e a s u r e d for
d u n g a n d for F Y M a s i t r e aches t h e field. C o m b i n e d w i t h i n f o r m a t i o n o n a n i m a l
n u m b e r s a n d the i r e s t i m a t e d d u n g p r o d u c t i o n , th i s wi l l p r o v i d e a ba s i s for
e s t i m a t i n g n u t r i e n t s po t en t i a l l y ava i l ab le f rom d u n g a n d n u t r i e n t losses d u r i n g
d u n g co l lec t ion a n d s t o r a g e a n d t h r o u g h a l t e rna t i ve u s e s . Th i s s u r v e y w o u l d h e l p
a s se s s p o t e n t i a l i m p r o v e m e n t s t h a t c o u l d resu l t f rom m o r e efficient recyc l ing o f
n u t r i e n t s t h r o u g h b e t t e r F Y M m a n a g e m e n t . I t w o u l d a l so p r o v i d e t h e i n f o r m a t i o n
n e e d e d t o r e l a t e n u t r i e n t ava i lab i l i ty t o a n i m a l n u m b e r s . Th i s r e l a t i o n s h i p c o u l d
be u s e d to p r e d i c t n u t r i e n t ava i lab i l i ty f rom FYM i f a n i m a l d e n s i t y c h a n g e s .
S u r v e y t o e v a l u a t e l e g u m e N 2 f i x a t i o n i n f a r m e r s ' f i e l d s
N o d u l a t i o n dens i t i e s o f l e g u m e s i n pea r l mi l l e t -based c r o p p i n g s y s t e m s h a v e
b e e n m e a s u r e d ear l ie r i n f a r m e r s ' fields o f w e s t e r n Rajas than . H o w e v e r , t h e s e
d a t a a r e n o t sufficient t o re la te differences i n n o d u l a t i o n t o m a n a g e m e n t o r
e n v i r o n m e n t a l c o n d i t i o n s . A d d i t i o n a l i n f o r m a t i o n n e e d e d i n con junc t ion w i t h
these o b s e r v a t i o n s i s on (1) soil charac ter is t ics : soil t y p e , f a r m e r s ' soil
classif icat ion, official classif ication, soil t ex tu re , so i l m o i s t u r e c o n d i t i o n s (at t h e
t i m e o f s a m p l i n g a n d d u r i n g t h e s eason ) , a n d sa l in i ty s t a tu s ; a n d (2) m a n a g e m e n t :
c r o p p i n g his tory , F Y M or fert i l izer app l i ca t i on , c r o p p i n g s y s t e m (i.e., so le
c r o p p i n g , m i x e d o r i n t e r c r o p p i n g ) , a n d r o o t i n g p a t t e r n .
N o d u l a t i o n d e n s i t y s h o u l d b e r a t e d r a t h e r t h a n quan t i f i ed t h r o u g h ac tua l
c o u n t i n g , b e c a u s e o f p r o b l e m s w i t h real is t ic roo t l e n g t h e s t ima t e s . Fo r t h e
e v a l u a t i o n o f n o d u l e activi ty, a n o d u l e color r a t i n g s h o u l d be u s e d . S i m p l e
g r e e n h o u s e n o d u l a t i o n tes t s wi l l be u s e d to d e t e r m i n e t h e p r e s e n c e o f Rhizobium 
s t r a i n s in t h e soil .
O n - f a r m e x p e r i m e n t a t i o n t o d e v e l o p r e s p o n s e - a p p l i c a t i o n s c h e m e s
f o r f e r t i l i z e r
S o m e p r o m i s i n g r e s u l t s f r o m n u t r i e n t m a n a g e m e n t s t u d i e s i n p e a r l m i l l e t w e r e
p r e s e n t e d a t t h i s w o r k s h o p :
• N i t r o g e n r e q u i r e m e n t d e p e n d s o n e x p e c t e d y i e l d a n d i s a p p r o x i m a t e l y 4 0 k g
ha-1 N .
• N i t r o g e n f e r t i l i z e r a p p l i e d i n t w o o r t h r e e s p l i t d o s e s i s m o r e b e n e f i c i a l t h a n a 
s i n g l e b a s a l a p p l i c a t i o n .
• I f t h e p r e v i o u s c r o p i n t h e r o t a t i o n i s a l e g u m e , t h e b a s a l a p p l i c a t i o n o f N c a n b e
w i t h h e l d w i t h n o y i e l d l o s s .
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• P l a n t s t a n d a n d d e v e l o p m e n t , soi l d e p t h , a n d t h e c u r r e n t rainfal l s i t u a t i o n c a n
b e u s e d t o d e t e r m i n e i f a d d i t i o n a l t o p d r e s s i n g s a r e n e e d e d .
T h e s e r e s u l t s f o r m t h e bas i s of a p r o p o s e d s c h e m e for ferti l izer a p p l i c a t i o n in
r e s p o n s e t o c u r r e n t ra infal l a n d p l a n t d e v e l o p m e n t , w h i c h po ten t i a l ly wi l l r e d u c e
t h e r i sk a s s o c i a t e d w i t h fert i l izer app l i ca t ion .
A s i m p l e n o n r e p l i c a t e d e x p e r i m e n t w a s d e s i g n e d for f a rmer s to c a r r y o u t i n
s o l e - c r o p p e d o r m i x e d - c r o p p e d p e a r l mi l le t fields. T h e object ive o f s u c h an
e x p e r i m e n t i s to d e t e r m i n e y ie ld i n c r e m e n t s r e s u l t i n g f rom N ferti l izer
a p p l i c a t i o n s t o p e a r l mi l le t o v e r severa l s ea sons , t o e v a l u a t e f a r m e r s ' p e r c e p t i o n s
of t h e p e r f o r m a n c e a n d accep tab i l i ty of l ow- r i sk N a p p l i c a t i o n s t ra teg ies , a n d to
g e n e r a t e d a t a se t s for p e a r l mi l le t m o d e l va l ida t ion . T h e e x p e r i m e n t w o u l d
cons i s t o f a con t ro l w i t h t r ad i t i ona l ferti l i ty m a n a g e m e n t a n d t w o t r e a t m e n t s of 40
kg ha - 1 N a p p l i e d in sp l i t d o s e s , o n e t r e a t m e n t w i t h a basa l d o s e o f N , a n d o n e
w i t h o u t T h e fert i l izer a p p l i c a t i o n s a r e c o n d i t i o n a l o n rainfal l a n d p l a n t
d e v e l o p m e n t .
T h e fo l l owing o b s e r v a t i o n s a r e t o b e t a k e n d u r i n g t h e s e a s o n a n d u s e d for
a n a l y s i s a n d c r o p m o d e l va l i da t i on :
• d a i l y ra infal l
• soi l m o i s t u r e d u r i n g t h e s e a s o n
• in i t ia l soi l m i n e r a l N a n d ava i l ab le P 
• s o w i n g d a t e
• e m e r g e n c e d a t e
• p l a n t d e n s i t y after e m e r g e n c e
• d a t e of flowering
• f lag leaf s a m p l e for d e t e r m i n i n g n u t r i e n t deficiencies
• d a t e of p h y s i o l o g i c a l m a t u r i t y
• d r y m a t t e r a n d n u t r i e n t u p t a k e a t ha rves t .
Research sites
T w o c o n t r a s t i n g l o c a t i o n s w e r e ident i f ied for t h e s u r v e y s a n d on - f a rm e x p e r i m e n -
t a t i on , b a s e d on t h e p robab i l i t y o f f a r m e r s ' a d o p t i o n o f fert i l izer a p p l i c a t i o n in
ra in fed p e a r l mi l le t . Seasona l rainfal l , u s e o f p e a r l mi l le t h y b r i d s , a n d f a r m e r s '
e x p e r i e n c e w i t h fer t i l izer a p p l i c a t i o n w e r e u s e d a s i n d i c a t o r s o f t h e p robab i l i t y o f
a d o p t i o n . A d d i t i o n a l cr i ter ia u s e d for se lec t ion w e r e i n f o r m a t i o n ava i l ab le o n t h e
v i l l age ( p r e v i o u s r e sea rch) , e s t ab l i shed con tac t s (vi l lage w o r k e r ) , a n d logis t ics
(d i s t ance t o J o d h p u r ) .
A g o l a i i n J o d h p u r d i s t r ic t w a s se lec ted a s t h e l o w - a d o p t i o n v i l lage , b e c a u s e
rainfal l i s c o m p a r a t i v e l y l o w for p e a r l mil le t , f a rmer s h a v e lit t le o r no e x p e r i e n c e
w i t h fertilizer, a n d a d o p t i o n o f i m p r o v e d p e a r l mi l le t g e n o t y p e s i s low. R u p a w a s
i n Pa l i d i s t r ic t w a s se lec ted a s t h e h i g h - a d o p t i o n vi l lage , b e c a u s e i t h a s re la t ive ly
h i g h ra infa l l , f a r m e r s h a v e s o m e e x p e r i e n c e i n u s i n g fertilizer, a n d a d o p t i o n o f
i m p r o v e d p e a r l mi l l e t g e n o t y p e s i s s ignif icant .
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Conclusions
T h e m a i n c o n c l u s i o n s o f t h e w o r k s h o p fol low:
• I n d i g e n o u s n u t r i e n t sou rce s a r e i r r ep laceab le c o m p o n e n t s o f n u t r i e n t
m a n a g e m e n t i n t h e p e a r l mi l l e t -based c r o p p i n g s y s t e m s o f w e s t e r n Rajas than .
• M o r e a c c u r a t e q u a n t i t a t i v e i n f o r m a t i o n i s n e e d e d on t h e c o n t r i b u t i o n o f F Y M
a n d l e g u m e N 2 f i x a t i o n i n f a r m e r s ' fields.
• I m p r o v i n g c r o p p i n g s y s t e m p r o d u c t i v i t y r equ i r e s ex te rna l i n p u t s , n a m e l y
m i n e r a l fer t i l izers , s ince c o m p l e t e recycl ing o f n u t r i e n t s i s n o t poss ib le .
• T h e m a i n co ns t r a in t to t h e u s e o f m i n e r a l fert i l izers i s r i sk d u e to rainfal l
va r i ab i l i ty b e t w e e n a n d w i t h i n s ea sons .
• S c h e m e s for a p p l y i n g fert i l izer in r e s p o n s e to rainfall , p l a n t s t a n d , a n d c r o p
d e v e l o p m e n t c o u l d r e d u c e th is r isk. H o w e v e r , th i s t e c h n o l o g y h a s n o t b e e n
d e v e l o p e d o r t e s t ed u n d e r t h e c o n d i t i o n s o f a r i d w e s t e r n Rajas than .
• S u c h s c h e m e s for r e s p o n s e a p p l i c a t i o n of ferti l izer s h o u l d be d e v e l o p e d in
c o o p e r a t i o n w i t h f a rmer s , t o ident i fy a n d r e m o v e cons t r a in t s t o a d o p t i o n ; th i s
s h o u l d b e d o n e a t a n ea r ly s t a g e o f t e chno logy d e v e l o p m e n t .
• C r o p p i n g s y s t e m s m o d e l i n g c o u l d e v e n t u a l l y p l a y a n i m p o r t a n t ro le i n f i n e -
t u n i n g n u t r i e n t a p p l i c a t i o n r e c o m m e n d a t i o n s . H o w e v e r , m o r e t i m e a n d
r e s e a r c h effort a r e n e e d e d t o d e v e l o p t h e c r o p a n d soi l m o d u l e s n e c e s s a r y t o
accu ra t e ly s i m u l a t e t h e pea r l mi l le t b a s e d c r o p p i n g s y s t e m s o f w e s t e r n
Rajas than .
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About ICRISAT
The semi-arid tropics (SAT) encompasses parts of 48 developing countries
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Organization of the United Nations (FAO), the United Nations Development
Programme (UNDP), the United Nations Environment Programme (UNEP), and
the World Bank.
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The Indian arid zone is one of the world 's most heavily populated arid tracts. The
land-use and management systems of farming, pastoralism, and animal
husbandry, evolved over the years by the local inhabitants, have become
inadequate for present needs. Overexploitation of resources has caused rapid and
widespread land degradation and desertification.
The Central Arid Zone Research Institute (CAZRI) was established in 1959 to
help reverse this trend. Its mandate is to conduct research and—in collaboration
with state agricultural universities—develop location-specific technology for
improved and sustainable farming systems in arid ecosystems; act as a repository
for information on natural resources and desertification processes; and serve as a 
center for training in research methodologies.
In the last four decades, CAZRI has developed viable and cost-effective
technologies, many of which have been transferred to the field through various
agencies concerned with the sustainable development of the region.
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